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Abstract 
 
Homoleptic Groups 4 and 5 metal amide compounds have been used as 
precursors in CVD/ALD processes to make microelectronic metal oxide thin films. 
These compounds are often very air sensitive. Ancillary ligands such as 
amidinates have been used to reduce their air sensitivity and to make their 
handling easier. Reactions of amidinates with dioxygen and water have thus 
been used to make metal oxide thin films. Studies of these reactions are 
important in order to make better precursors and purer thin films. This 
dissertation focuses on the following areas: (a) Syntheses of zirconium and 
Group 5 amidinate amides; (b) Studies of the reactions of zirconium amidinate 
amides with dioxygen or water; (c) Probing the pathway in the formation of an 
archetypical tungsten alkylidyne complex. Zr[MeC(NiPr)2]2(NMe2)2 [zirconium 
amidinate amide] has been prepared through three different routes: two salt 
metathesis reactions and one aminolysis. The aminolysis of M(NR2)n [metal 
amide] with iPrN(H)C(Me)=NiPr [diisopropylamidine] gives cleaner products in 
better yields and this route has been chosen to make amidinates in this 
dissertation. Reactions of zirconium amidinate amide complexes with dioxygen, 
water or hydrogen peroxide have been studied. Metal-containing products were 
{(µ-O)Zr[MeC(NiPr)2]2}2 [zirconium amidinate oxo dimer] and {(µ-
O)Zr[MeC(NiPr)2]2}n [zirconium amidinate oxo polymer] based on NMR, IR, MS 
v 
 
and elemental analysis. Also, the reaction of Zr[MeC(NiPr)2]2(NMe2)2 with 
dioxygen yields {(-2:2-O2)Zr[MeC(NiPr)2]2}3 [zirconium peroxo amidinate 
trimer] and its crystal structure is reported. Ta[MeC(NiPr)2](NMe2)4 [tantalum 
amidinate amide] and carbon tetrachloride undergo an amide-chloride exchange, 
giving Ta[MeC(NiPr)2](NMe2)3Cl [tantalum amidinate amide chloride]. 
Ta[MeC(NiPr)2](NMe2)3Cl has also been synthesized through the aminolysis of 
Ta(NMe2)4Cl [tantalum amide chloride] with a diisopropyl amidine. 
W(CH2tBu)3(≡CtBu) [tungsten neopentyl neopentylidyne] has been prepared 
through the reaction of W(OMe)3Cl3 [tungsten chloride methoxide] and 
Zn(CH2tBu)2 [dineopentyl zinc]. Also, a side product which has been 
characterized through NMR spectroscopies to be W(OMe)2Cl(CH2tBu)3 [tungsten 
neopentyl chloride methoxide]. 
  
vi 
 
 
Table of Contents 
 
Part                                                                                                                 Page 
1. Introduction……………………………….…………………………………….….1 
1.1 Foreword……………………………..…………………………………….…....2 
1.2 Current Dissertation…………………..………………………………………10 
1.2.1 Part 2……………………………….…………………………………...10 
1.2.2 Part 3………………………………….………………………………...11 
1.2.3 Part 4………………………………………………………….………...11 
1.2.4 Part 5…………………………………………….……………………...12 
1.2.5 Part 6…………………………………….……………………………...12 
References.………………………………………………………...………….……….13 
 
2. Syntheses and Characterization of Zirconium Amidinate Amides...……19 
Abstract……………………………..………………………………..……………..20 
2.1 Introduction…………………………………..…………………………..........21 
2.2 Results and Discussion………………...…………………………………….26 
2.2.1 Synthesis of iPrN(H)C(Me)=NiPr (7)……………...….……………...26 
2.2.2 Synthesis and Mass Spectrum of Zr[MeC(NiPr)2]2Cl2 (8)……..…..30 
2.2.3 Synthesis and Characterization of the Monoamidinate 
Zr[MeC(NiPr)2](NMe2)3 (9)………………………….…………………33 
2.2.4 Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10)…………………………..38 
vii 
 
2.2.5 Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11)…………………………….41 
2.2.6 Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12)……………………………44 
2.2.7 Variable-Temperature NMR Studies of  
Zr[MeC(NiPr)2]2(NEt2)2 (12)…………………………………………...44 
2.2.8 2-D NMR Studies of Zr[MeC(NiPr)2]2(NEt2)2 (12)…………………..49 
2.3 Concluding Remarks…………………………………………………….…...56 
2.4 Experimental Section………………………………………………………...56 
2.4.1 Calculating Errors in Variable-Temperature NMR 
Studies………………………………………………………………….57 
2.4.2 Synthesis of Li[MeC(NiPr)2] (6)……………………………………….58 
2.4.3 Synthesis of iPrN(H)C(Me)=NiPr (7) ……………...……………..….58 
2.4.4 Synthesis of Zr[MeC(NiPr)2]2Cl2 (8)………………………………….61 
2.4.5 Synthesis of Zr[MeC(NiPr)2](NMe2)3 (9)……………………………..62 
2.4.6 Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10)……………………….….62 
2.4.7  Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11)……………………...…….63 
2.4.8 Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12)……………………………63 
2.4.9 Mass Spectrometry Studies……………………………..……………64 
References.………………………………………………………………....………….66 
 
3. Reactions of Zirconium Amidinate Amide Complexes with  
 Dioxygen, Water or Hydrogen Peroxide………………..……….…………...74 
Abstract……………………………………………………………..………………75 
3.1  Introduction……………………………………………………………………76 
viii 
 
3.2  Results and Discussion……………………………………………………...79 
3.2.1 Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with O2………………..…79 
3.2.2 Reaction of Zr[MeC(NiPr)2]2(NEt2)2 (12) with O2……………………85 
3.2.3 Reactions of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with 
H2O………………………………………………………………………88 
3.2.4 Formation and X-ray Crystal Structure of {(µ-η2:η2-
O2)Zr[MeC(NiPr)2]2}3 (20)………………………………………..……91 
3.2.5 Mass Spectroscopic Studies of the Reactions between 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) and H2O in 
air……………….……………….……………………………………..116 
3.2.6 Characterization and Stability of {(µ-O)Zr[MeC(NiPr)2]2}n (17)..…117  
3.2.7 Reaction with 12 and O2 with AIBN………………………...………126  
3.3 Concluding Remarks………………………………………………………..126 
3.4 Experimental Section……………………………………………….............127 
3.4.1 Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with O2…………………128 
3.4.2 Reaction of Zr[MeC(NiPr)2]2(NEt2)2 (12) with O2……………….....130 
3.4.3 Characterization of {(µ-O)Zr[MeC(NiPr)2]2}n (17)………………….130 
3.4.4 Reaction of Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2………………...….131 
3.4.5 Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with H2O2……………...132 
3.4.6 Reaction of 12 with O2 in the presence of the Radical Initiator 
Azobisisobutyronitrile (AIBN)………………………………………..133 
3.4.7 Determination of the Crystal Structure of 20………...…..…..…...133 
References…………………………..……………………………………….……….134 
ix 
 
4. Syntheses and Characterization of Group 5 Amidinate Amide 
Complexes……………………………………………………………….....……142 
Abstract……………………………………………………………..……………..143 
4.1 Introduction……………………………………………………………….…..144 
4.2 Results and Discussion………………………………………….…….……146 
4.2.1 Synthesis of Nb[MeC(NiPr)2](NMe2)4 (26)…………………………146 
4.2.2 Synthesis of Ta[MeC(NiPr)2](NMe2)4 (27)………………..………..149 
4.2.3 Synthesis and Discussion of Ta[MeC(NiPr)2](NMe2)3Cl (28)…….149 
4.3 Concluding Remarks…………………………………………………….….154 
4.4 Experimental Section………………………………………………………..154 
4.4.1 Synthesis of Nb[MeC(NiPr)2](NMe2)4 (26)…………………………158 
4.4.2 Synthesis of Ta[MeC(NiPr)2](NMe2)4 (27)…………………….……159 
4.4.3 Synthesis of Ta[MeC(NiPr)2](NMe2)3Cl (28)…………………….…159 
References……………………………………………….……….……….………….161 
 
5. Studies of the Reaction between W(OMe)3Cl3 and Zn(CH2tBu)2………167 
Abstract……………………………………………………………..……………..168 
5.1  Introduction…………………………………………………………………..169 
5.2  Results and Discussion…………………………………………………….172 
5.3  Concluding Remarks……………………………………………………….182 
5.4  Experimental Section……………………………………………………….182 
5.4.1 Reaction between WCl6 and Zn(CH2tBu)2 at 23 C  
and -30 C………..……………………………………………...……183 
x 
 
5.4.2 Reaction between W(OMe)3Cl3 (29) and Zn(CH2tBu)2…..……….183 
References…………………………………….………………………….…………..185 
 
6. Concluding Remarks…………………………………….…………………….186 
References…………………………………….………………………….…………..190 
 
Vita…………………………………….…………………….……………………...…191 
  
xi 
 
 
List of Tables 
 
Table                                                                                                               Page            
2.1.  Stable isotopes of zirconium……………………………………………….…34 
2.2. Stable isotopes of chlorine……………………………………………………34 
2.3. Rate constants of interconversions in 12……………………………………51 
3.1.  Crystal data and structure refinement for 20…………………….………….95 
3.2.  Atomic coordinates ( 104) and equivalent isotropic  
 displacement parameters (Å2  103) for 20…………………..……………..97 
3.3.  Bond lengths (Å) in 20……………………………………..……………..….101 
3.4. Bond angles () in 20…………………………………………………….…..103 
3.5. Anisotropic displacement parameters (Å2  103) for 20………………….108 
4.1.  Stable isotopes of tantalum and chlorine…..……………………………...154 
 
 
 
                                                                   
 
 
 
  
xii 
 
 
List of Figures 
 
Figure                                                                                                             Page 
2.1.  Bidentate nitrogen donor ancillary ligands………………………………….23 
2.2.  1H NMR spectrum of 7 in toluene-d8 at 208 K.……………………………..28 
2.3.  13C{1H} NMR spectrum of 7 in toluene-d8 at 208 K.………………..………29 
2.4.  1H NMR spectrum of 8 in benzene-d6………………….……………………31 
2.5.  13C{1H} NMR spectrum of 8 in benzene-d6.…………………………………32 
2.6.  (Top) Calculated and (Bottom) Observed MS of [8+H+]………………...…35 
2.7.  1H NMR spectrum of 9 in benzene-d6………………….……………………36 
2.8.  13C{1H} NMR spectrum of 9 in benzene-d6………………………………….37 
2.9.  1H NMR spectrum of 10 in benzene-d6..…………………………………….42 
2.10. 13C{1H} NMR spectrum of 10 in benzene-d6………………………………..43 
2.11. 1H NMR spectrum of 11 in benzene-d6…………………………………..….45 
2.12. 13C{1H} NMR spectrum of 11 in benzene-d6……………………………..…46 
2.13. (Top) Calculated and (Bottom) Observed MS for [12-NEt2+]…………...…47 
2.14. Partial VT 1H NMR spectra of 12 in toluene-d8……………………………..50 
2.15. Eyring plot of the exchange in 12, yielding activation  
 parameters of the exchange……………………………………………….…52 
2.16. 1H NMR spectrum of 12 in toluene-d8 at 213 K……………………..……...53 
2.17. 13C{1H} NMR spectrum of 12 in toluene-d8 at 213 K……………………….54 
2.18. HSQC of 12 in toluene-d8 at 213 K………………..……………………..….55 
xiii 
 
2.19. 1H NMR spectrum of 6 in THF-d8………………………………………….…59 
2.20. 13C{1H} NMR spectrum of 6 in THF-d8………………………………………60 
3.1. 1H NMR spectrum of the product mixture from the reaction of 
 10 with H2O in benezene-d6……………………….…………………….……81 
3.2. 13C{1H} NMR spectrum of the product mixture from the  
 reaction of 10 with H2O in benezene-d6……………………………..………82 
3.3.  1H NMR spectrum of the product mixture from the reaction  
 of 12 with O2 in benzene-d6………………………...…………..…………....86 
3.4. 13C{1H} NMR spectrum of the product mixture from the reaction  
 of 12 with O2 in benzene-d6…………………………..………………………87 
3.5. 1H NMR spectrum of the product mixture from the reaction of 12  
 with H2O in benzene-d6…………………………………………………...…..89 
3.6. 13C{1H} NMR spectrum of the product mixture from the  
 reaction of 12 with H2O in benzene-d6…………………………….…..…….90 
3.7. ORTEP view of 20……………………………………………………………..94 
3.8.  (Top) Calculated and (Bottom) Observed MS for [21+H+]………….……113 
3.9. (Top) Calculated and (Bottom) Observed MS for [13+H+]………….……119 
3.10.  (Top) Calculated and (Bottom) Observed MS for [18+H+]………….……120 
3.11.  (Top) Calculated and (Bottom) Observed MS for [14+H+]……….………121 
3.12.  IR spectrum of 17 in KBr…………………………………………….………123 
3.13.  Solid-state 13C NMR spectrum of 17……………………………….………124 
3.14.  TGA spectrum of 17……………………………………….…………………125 
4.1. Bidentate nitrogen donor ancillary ligands………………………...………145 
xiv 
 
4.2. 1H NMR spectrum of 26 in benzene-d6…………………………………….147 
4.3. 13C{1H} NMR spectrum of 26 in benzene-d6……………………..………..148 
4.4. 1H NMR spectrum of 27 in benzene-d6 ……………………………………150 
4.5.  13C{1H} NMR spectrum of 27 in benzene-d6……………………………....151 
4.6.  1H NMR spectrum of 28 in benzene-d6…..……………………….……….155 
4.7.  13C{1H} NMR spectrum of 28 in benzene-d6……………………...……….156 
4.8. (Top) Calculated and (Bottom) Observed MS of [28-NMe2+]…………....157 
5.1.  1H NMR spectrum of product mixture of 30 and 31 in benezene-d6.…...174 
5.2.  13C{1H} NMR spectrum of product mixture of 30 and 31 in  
benezene-d6…………………………………………………….…………….175 
5.3.  1H NMR spectrum of 31 in benzene-d6……………….……………………176 
5.4. 13C{1H} NMR spectrum of 31 in benzene-d6…………………………...….177 
5.5. DEPT spectra of 31 in benzene-d6…………………………...…………….178 
5.6. HMBC spectrum of 31 in benzene-d6………………………………………179 
5.7. 1-D NOESY of 31 in benzene-d6………………………………….………..180 
5.8. 2-D NOESY spectrum of 31 in benzene-d6………………………………..181
xv 
 
 
List of Schemes 
 
Scheme                                                                                                           Page 
1.1.  Transistor in a microelectronic device………………………………………...3 
1.2.  Synthesis of metal-oxide thin films…………………………………………….4 
1.3.  Reaction of a Cr -diketiminate complex with O2…………………………….5 
1.4.  Reaction of a MnIII complex with O2……………………………….................6 
1.5.  Examples of the reactions between early transition metal  
 complexes and O2………………..……………..……………..………………..7 
1.6.  Reactions of Zr and Hf amides with O2……………………………………….7 
1.7.  Reactions of M(NMe2)5 (M = Nb, Ta) with O2………………………………...9 
1.8.  Formation of a Schrock-type carbyne…………….....................................10 
2.1.  Reactions of Zr and Hf amides with O2….……………………………………22 
2.2.  Reaction of Nb(NMe2)5 with O2………………………………………………23 
2.3.  Hafnium amidinate complex used as a CVD precursor………….………..24 
2.4.  Salt metathesis for Group 4 bisamidinate bisamide complexes.…………25 
2.5.  Preparation of 3 and 4 through aminolysis………………………...…….....25 
2.6.  Preparation of 6 and 7…………………………………………………...……26 
2.7. Preparation of 9 and 11…………………………………………………….…27 
2.8. Route 1 to prepare 10……………………………………………………...….39 
2.9. Route 2 to prepare 10…………………………………………………………40 
2.10. Route 3 to prepare 10 and 12…………………………………………..……40 
xvi 
 
2.11. Bailar twist mechanism for the exchange in 10…………………………….41 
3.1.  Reactions of M(NMe2)5 (M = Nb, Ta) with O2……………………………….77 
3.2.  Pathways in the reaction of Ta(NMe2)5 with O2 based  
 on DFT studies...………………………………………………………………78 
3.3.  Reaction of 10 with O2……………………………………………….………..80 
3.4.  Reaction of 12 with O2………………………………………………………...80 
3.5.  Hexa-coordinated trimer 15 and hepta-coordinated tetramer 16…………84 
3.6.  Reactions of Zr and Hf amides with O2……………………….……………..85 
3.7.  Reaction of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with H2O………..88 
3.8.  H+ transfer assisted by lone pair electrons on amide ligands………….…91 
3.9.  Synthesis of a Zr peroxo complex 22 with two redox-active ligands…..…93 
3.10.  Preparation of 20………………………..……………………………………115 
3.11.  Observed species by mass spectroscopy in the reactions of 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with water in air…………….118 
3.12.  Thermal decomposition of AIBN…………………………………...……….126 
4.1.  Reactions of M(NMe2)5 (M = Nb, Ta) with O2…………………………..…145 
4.2.  Reactions of M(NMe2)5 (M = Nb, Ta) with H2O……………….…..………145 
4.3.  Preparation of 26 and 27………………………………………….…………146 
4.4. CCl4 as a radical trap……………………….…………………..……………152 
4.5. Two methods to prepare 28……………………………….…..……………153 
5.1.  Formation of an alkylidyne complex………………………………………..169 
5.2.  Preparation of (tBuCH2)3Ta=CHtBu……………………...…………………170 
5.3.  Formation of 30 and 31………………………………………….…………..172 
xvii 
 
 
Numbering Scheme for the Compounds in the Text 
 
1 Zr(NMe2)4 
2 CyN(H)C(NMe2)=NCy 
3 Zr[NMe2C(NCy)2](NMe2)3 
4 Zr[NMe2C(NCy)2]2(NMe2)2 
5 iPrN=C=NiPr 
6 Li[MeC(NiPr)2] 
7 iPrN(H)C(Me)=NiPr 
8 Zr[MeC(NiPr)2]2Cl2 
9 Zr[MeC(NiPr)2](NMe2)3 
10 Zr[MeC(NiPr)2]2(NMe2)2 
11 Zr[MeC(NiPr)2](NEt2)3 
12 Zr[MeC(NiPr)2]2(NEt2)2 
13 (O=)Zr[MeC(NiPr)2]2         
14 {(-O)Zr[MeC(NiPr)2]2}2       
15 {(-O)Zr[MeC(NiPr)2]2}3       
16 {(-O)Zr[MeC(NiPr)2]2}4       
17 {(-O)Zr[MeC(NiPr)2]2}n     
18 Zr(OH)2[MeC(NiPr)2]2  
19 CH2(NMe2)2  
xviii 
 
20 {(-2:2-O2)Zr[MeC(NiPr)2]2}3  
21 {(-O2)Zr[MeC(NiPr)2]2}2  
22 (η2-O2)2Zr(diimine)2 
23 [Zr2(O2)2(SiW11O39)2]12- 
24 [Zr2(O2)2(GeW11O39)2]12- 
25 [Zr{N(iPr2PO)2}2]2(-2:2-O2)2 
26 Nb[MeC(NiPr)2](NMe2)4 
27 Ta[MeC(NiPr)2](NMe2)4 
28 Ta[MeC(NiPr)2](NMe2)3Cl 
29 W(OMe)3Cl3 
30 W(CH2tBu)3(≡CtBu) 
31 W(OMe)2Cl(CH2tBu)3 
 
1 
 
 
 
 
 
Part 1 
 
Introduction 
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1.1. Foreword 
Reactions of metal complexes with O2 or water are of intense current 
interest.1-10 In particular, the activation of O2 by metal complexes and 
applications in biochemistry, catalysis and materials science have been actively 
studied. The focus has been on the reactions of O2 with late transition meal 
complexes containing valance d electrons (dn).6 Reactivities of d0 early transition 
metal complexes toward O2 are much less known.1-5  
Early transition metals are usually oxophilic, and the reactions of their 
complexes with O2 to give metal oxides (MOn) have been used to make 
microelectronic devices.9 Reactions of d0 early transition metal complexes with 
H2O have also been used to make oxides.10 This has led to recent interest in the 
nature of the reactions between d0 early transition metal complexes and O2 or 
H2O. 
The microelectronic industry has a high demand for faster, more powerful 
devices with an extended battery life. There is a continuous demand for new 
materials in microelectronic industry as devices are shrinking in size or becoming 
lighter in weight. One focus in inorganic chemistry is the preparation of metal 
oxides as the insulating layer in microelectronic devices. A transistor in a 
microprocessor is depicted in Scheme 1.1. 
Currently, SiO2 is the most abundant material used for the insulating layer 
in transistors because it is easily prepared from silicon wafers. As electronic 
devices become smaller, the transistors need to become smaller as well. The 
problem arises when the insulating oxide layer becomes too thin and can no 
3 
 
longer insulate well.7 SiO2 has a low dielectric constant (k = 3.9), and its ability to 
insulate is limited. When the insulating layer is less than 2 nm thick, the use of 
SiO2 leads to a large current leakage through the insulating layer, making SiO2 
inadequate as a gate material. 
One solution is replacing the SiO2 thin film by a metal oxide film with a 
dielectric constant higher than k = 10.7 Metal oxides such as HfO2 (k = 25) and 
Ta2O5 (k = 26) are of intense interest. Several companies, such as Apple, Intel, 
and Samsung, have started replacing SiO2 by HfO2. In 2007, the current size of 
the transistor was 45 nm and the transistor shrunk by 40 percent in 2009 by this 
switch. The recent use of thinner and better insulating MOn allows the number of 
transistors on integrated circuits to increase, doubling approximately every two 
years as observed by the Moore’s law.7 Chips using the MOn-based insulators 
are faster, smaller, and last longer. In addition, batteries in, e.g., new tablet 
computers last much longer after charging. 
 
 
 
 
Scheme 1.1. Transistor in a microelectronic device. 
4 
 
Reactions of d0 early transition metal complexes with oxygen or water 
have been employed to make microelectronic metal oxide (MOn) through 
chemical vapor deposition (CVD) or atomic layer deposition (ALD) processes 
(Scheme 1.2).7-10  Groups 4 and 5 homoleptic amide9a-o,10b,e,f and amide imide9q,r 
complexes are attractive for CVD and ALD processes because of their chemical 
and physical properties such as volatility, stability and decomposition 
characteristics.10,11 However, these compounds are very air sensitive, making 
them difficult to handle. Ancillary ligands such as amdinate, β-diketonate, 
cyclopentadienyl, and guanidinate ligands have been used in precursors to make 
the compounds less sensitive to air and easier to handle. 
 
 
tBuN=Ta(NEt2)3 + O2
Ta(NMe2)5 + O2 Ta2O5 thin films
M(NEt2)4 + O2 MO2 thin films (M = Zr, Hf)
Ta2O5 thin films
Hf(NMeEt)4 + O source HfO2
"TEMAH"  
 
Scheme 1.2. Synthesis of metal-oxide thin films.  
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Reactions of dn middle and late transition metal complexes with O2 often 
involve metal oxidation. For example, Theopold and coworkers have studied the 
reaction of a chromium “nacnac” (i.e., β-diketiminate) complex with O2.6g 
Magnesium reduction of [(iPr2Ph)2nacnacCr(µ-I)]2 resulted in the formation of 
[(iPr2Ph)2nacnacCr]2(µ-N2). The Cr-dinitrogen complex reacted with O2 to yield 
[(iPr2Ph)2nacnacCr](O)2 (Scheme 1.3). This is a rare example of a four-electron 
oxidative addition of O2 to a single metal center and, in this case, the formation of 
a mononuclear, d1 Cr(V) dioxo complex. 
 
 
 
 
Scheme 1.3. Reaction of a Cr -diketiminate complex with O2.6g 
 
 
Another example of metal oxidation by O2 was studied by Prokop and 
Goldberg. They observed a direct conversion of a MnIII complex (TBP8Cz)MnIII 
[TBP8Cz = octakis(p-tert-butylphenyl)corrolazinato3-] to a MnV-oxo complex  
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Scheme 1.4. Reaction of a MnIII complex with O2.6j 
 
 
(TBP8Cz)MnV(O) with O2 under visible light (Scheme 1.4).6j There are few 
examples of reactions that show a smooth conversion to well-defined high-valent 
terminal oxo complexes with treatment of O2. 
Complexes with no d electrons (d0) are expected to follow different 
pathways in their reactions with O2 and these pathways are not well defined 
(Scheme 1.5).9,10 Tilley has reported the reaction of O2 with (η5-
C5H5)2Zr(SiMe3)Cl and the formation of the siloxide (η5-C5H5)2Zr(OSiMe3)Cl.1a 
Schwartz and coworkers have reported that under mild conditions, (η5-
C5H5)2Zr(R)Cl (R = alkyl) complexes react with O2 (Scheme 1.5).1b 
Our group has reported that the reactions of d0 amides M(NMe2)4 (M = Zr, 
Hf) with O2 yield unusual trinuclear oxo aminoxide complexes M3(NMe2)6(μ-
NMe2)3(μ3-O)(μ3-ONMe2) (M = Zr, Hf) (Scheme 1.6).11a Density functional theory 
calculations revealed the mechanistic pathways in the reactions of model 
complexes Zr(NR2)4 (R = H, Me) and [Zr(NR2)4]2 (R = H, Me) with triplet O2. 
Monomeric and dimeric reaction pathways were proposed.11 
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Scheme 1.5. Examples of the reactions between early transition metal 
complexes and O2.1a,b 
 
 
 
 
 
 
 
Scheme 1.6. Reactions of Zr and Hf amides with O2.11a  
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Our group has also studied reactions of Group 5 amides with O2 (Scheme 
1.7).11 The reaction of Nb(NMe2)5 with O2 gives three complexes: monomeric 
(Me2N)nNb(η2-ONMe2)5-n (n = 3, 4) and dimeric (Me2N)4Nb2[η2-
N(Me)CH2NMe2]2(μ-O)2.11e Anionic amide ligands undergo oxidation, yielding 
ONMe2 and oxo ligands.11 
 Transistion-metal amidinate complexes have been actively studied in 
recent years. Amidinates are versatile ligands and have been used in 
catalysis,12a N2 activation,12b Si-H/Si-Cl bond actication,12c and chemical vapor 
deposition (CVD).12d They bond to a metal ion in a bidentate fashion through a 
conjugated system. The amidinate ligand is considered sterically equivalent to 
η5-cyclopentadienyl but isoelectronic with π-allyl ligands. Parts 2-4 of this 
dissertation focus on Groups 4 and 5 amidinate amide complexes and their 
reactivities towards H2O, H2O2, and O2. 
 Another actively studied area is d0 transition metal carbyne complexes.  A 
carbyne complex contains at least one M≡C triple bond. The first carbyne 
complex, containing a dn metal, was synthesized by E. O. Fischer in 1973.13 After 
Fischer’s discovery, R. R. Schrock and others have prepared carbyne complexes 
containing d0 metals that have been called Schrock carbynes or alkylidyne 
compounds.14 Alkylidyne complexes are typically those of early transition metals 
at high oxidation state (d0). Part 5 of this dissertation is focused on mechanistic 
studies to help understand the formation of an archetypical W(VI) alkylidyne 
complex. It is not understood when the triple bond forms in the reaction to give  
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Scheme 1.7. Reactions of M(NMe2)5 (M = Nb, Ta) with O2.11b,e 
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the carbyne complex. A typical reaction to give a Schrock carbyne is given in 
Scheme 1.8.14b 
 
 
 
 
Scheme 1.8. Formation of a Schrock-type carbyne.14b 
 
 
1.2. Current Dissertation 
1.2.1. Part 2 
 Zr[MeC(NiPr)2]2(NMe2)2 (10) has been prepared by three different routes. 
Two are salt metathesis based on the reactions of Zr(NMe2)2Cl2 with lithium 
amidinate Li[MeC(NiPr)2] (6) and Zr[MeC(NiPr)2]2Cl2 (8) with LiNMe2, 
respectively. The third route is aminolysis in which Zr(NR2)4 (R = Me, Et) reacts 
with amidine iPrN(H)C(Me)=NiPr (7) to form Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; 
Et, 12). The aminolysis gives cleaner products, higher yields and is easier to 
operate. The aminolysis route is thus chosen throughout this dissertation. 
Zr[MeC(NiPr)2]2Cl2 (8) and mono amidinates Zr[MeC(NiPr)2](NMe2)3 (9) and 
Zr[MeC(NiPr)2](NEt2)3 (11) have also been prepared and characterized.  
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1.2.2. Part 3 
 The reactions of Zr amidinate amides Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; 
Et, 12) with water or O2 have been studied. Two major reaction products are a 
soluble oxo-bridged dimer {(-O)Zr[MeC(NiPr)2]2}2 (14) and an insoluble polymer 
{(-O)Zr[MeC(NiPr)2]2}n (17). Another product in the reaction of 10 with O2 at -30 
C is the peroxo-bridged trimer {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20). Its crystal 
structure is reported here. Peroxo dimer {(-O2)Zr[MeC(NiPr)2]2}2 (21) was 
observed in MS studies of the crystals of 20. 20 was also prepared from the 
reaction of Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2. 20 reacts with 
Zr[MeC(NiPr)2]2(NMe2)2 (10) to give the oxo-bridged dimer {(-
O)Zr[MeC(NiPr)2]2}2 (14), polymer {(-O)Zr[MeC(NiPr)2]2}n (17), HNMe2, and 
CH2(NMe2)2 (19). 
 
1.2.3. Part 4 
Group 5 amidinate amide complexes M[MeC(NiPr)2](NMe2)4 (M = Nb, 22; 
Ta, 23) have been prepared by the aminolysis of M(NMe2)5 (M = Nb, Ta) with 
amidine iPrN(H)C(Me)=NiPr (7). 22 and 23 have been characterized by 1H and 
13C NMR spectroscopies and elemental analysis. Reaction between CCl4 and 23 
yields Ta[MeC(NiPr)2](NMe2)3Cl (24) which has been characterized by NMR 
spectroscopies and MS. 
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1.2.4. Part 5 
Reaction between W(OMe)3Cl3 (29) and Zn(CH2tBu)2 gives the previously 
reported alkylidyne complex W(CH2tBu)3(≡CtBu) (30). The study, using the alkyl 
zinc reagent, which is a weaker nucleophilic reagent than LiCH2tBu and 
Mg(CH2tBu)2, is an attempt to identify an intermediate in the formation of 
W(CH2tBu)3(≡CtBu) (30). The reaction between W(OMe)3Cl3 and Zn(CH2tBu)2 
also yields another product identified to be W(OMe)2Cl(CH2tBu)3 (31) based on 
1H, 13C{1H}, HSQC, DEPT, and 1-D and 2-D NOESY NMR spectroscopies. 
 
1.2.5. Part 6 
 A summary of the research in this dissertation is presented. Important 
findings in each part in the dissertation are given.  Research in the future is 
proposed. 
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Part 2 
 
Syntheses and Characterization of Zirconium Amidinate Amides 
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Abstract 
Zr[MeC(NiPr)2]2(NMe2)2 (10) has been prepared by three different routes: 
two salt metathesis reactions and one aminolysis. When the reaction was carried 
out by aminolysis, the yield of the final product 10 was the highest. The amidine 
iPrN(H)C(Me)=NiPr (7) has an active proton which reacts with Zr(NMe2)4 (1) and 
releases HNMe2. After perfecting the reaction conditions for the preparation of 10, 
similar conditions were used to prepare Zr[MeC(NiPr)2](NMe2)3 (9), 
Zr[MeC(NiPr)2](NEt2)3 (11), and Zr[MeC(NiPr)2]2(NEt2)2 (12). Zr[MeC(NiPr)2]2Cl2 
(8) has been prepared from the reaction of ZrCl4 with 2 equiv of Li[MeC(NiPr)2] (6) 
through a salt metathesis reaction. 
 Compound 12 revealed an interesting dynamic NMR behavior. Variable-
temperature NMR spectroscopy has been used to study the Bailar twist process. 
The activation parameters determined are ∆H‡ = 10.9(1.1) kcal mol-1, ∆S‡ = -11(4) 
eu and ∆G‡303 K = 14(2) kcal mol-1. 
  
21 
 
2.1. Introduction 
Reactions of early transition metal complexes with O21-5 are different from 
late transition metal complexes.6 This is mainly due to the fact that early 
transition metal complexes are usually in their highest oxidation states and have 
no valence d elections (d0). When late transition metal complexes react with O2, 
the metal is often oxidized and its oxidation state is increased. 
Metal oxide (MOn) thin films are important microelectronic materials and 
they have been prepared through chemical vapor deposition (CVD) and atomic 
layer deposition (ALD) processes.7-9 d0 Amide8a-o,9b,e,f complexes, which were 
originally prepared by Bradley and Thomas,10 are widely used as precursors to 
make metal oxide thin films through the reactions of metal amides with O2 or 
water. d0 Amides, especially homoleptic Groups 4 and 5 amide complexes 
M(NR2)n, are very reactive towards oxygen sources (O-sources such as H2O, 
H2O2, NO, O2, and O3) and they are thus usually handled in an inert 
atmosphere.1-6 In this dissertation the O-sources are H2O, H2O2, and O2. 
Previous studies of the reactions between d0 early transition metal 
complexes and O21 focused on O insertion into the Zr-Si bond in 
Cp2Zr(SiMe3)Cl,1a and M-C bonds in Cp2ZrRCl/Cp2ZrR2 (R = alkyl),1b 
(RO)2TiMe2,1c (ArO)2TaMe3,1d and (ArN=)2MoMe2.1e Also, a Zr(IV) bisperoxo 
complex was obtained as a product from the reaction of O2 with a Zr(IV) complex 
that contains redox-active diimine ligands.2 Complexes with no valence d 
electrons (d0) have also been prepared using O2 as a reactant. For example, 
Mo(NMe2)6, a d0 complex was prepared from Mo(NMe2)4, a d2 complex, and 
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adventitious O2.4a Rapid autoxidation of M(CH2R)4 by O2 has been studied.4b Our 
group has revealed unusual reactivities of d0 Groups 4 and 5 complexes toward 
O2.11a,b,e The reactions between M(NMe2)4 (M = Zr, Hf) and O2 were found to give 
oxo aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-ONMe2) and Me2NNMe2 (Scheme 
2.1).11a These reactions provide an insight in the formation of metal oxides and 
the incorporation of O atoms into early transition metal complexes. Density 
functional theory (DFT) studies reveal that the O2 reactions are radical in nature. 
These studies were started after TiO2 thin films were prepared from Ti(NMe2)4 
and O2 through a CVD process.9o Our group has also studied the reactions of 
M(NMe2)5 (M = Nb, Ta) with O2 and several products were isolated.11b,e Three 
products from the reaction of Nb(NMe2)5 with O2 are given in Scheme 2.2. DFT 
calculations reveal that O2 insertion into a M-N bond in M(NMe2)5 to give a 
peroxide intermediate is a key step in the formation of the products. 
 
 
 
Scheme 2.1. Reactions of M(NMe2)4 M = Zr, Hf with O2.11a 
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Scheme 2.2. Reaction of Nb(NMe2)5 with O2.11b 
 
 
Homoleptic metal amide compounds M(NR2)n are often too sensitive to air 
and difficult to handle. For example, Ta(NMe2)5 reacts with O2 at -25 C,11e and 
with H2O at  -40 ºC.5 Bidentate ligands such as amidinate, β-diketiminate, and 
guanidinate (Figure 2.1) have been introduced as ancillary ligands in order to 
make complexes more stable or less reactive towards an O-source. 
 
 
      
Figure 2.1. Bidentate nitrogen donor ancillary ligands. 
 
 
 Amidinates are versatile ligands and have been used in catalysis,12 N2 
activation,13 Si-H/Si-Cl bond activation,14 and chemical vapor deposition (CVD).15 
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They bond to a metal ion in a bidentate fashion through conjugation. Although 
one bond is covalent while the other bond is a dative bond, the conjugation and 
resonance make the two bonds equivalent. The amidinate ligand [RC(NR’)2]- is 
considered sterically equivalent to η5-cyclopentadienyl but isoelectronic with π-
allyl ligands.31 Devi et al. have used a hafnium amidinate complex in CVD to give 
a HfO2 thin film (Scheme 2.3).15f 
 
 
Scheme 2.3. Hafnium amidinate complex used as a CVD precursor.15f 
 
 
 Our group has also prepared several Group 4 amidinate amide complexes 
from MCl4 (M = Ti, Zr, or Hf). Reactions between TiCl4 and 2 equiv of LiNMe2, 
followed by 2 equiv of the lithium amidinate salt Li[MeC(NCy)2]2, gave, e.g., 
Ti[MeC(NCy)2]2(NMe2)2 (Scheme 2.4). For Zr and Hf complexes, the reactions 
proceeded in the reverse order. Two equiv of the lithium amidinate salt were 
added to MCl4 (M = Zr and Hf) followed by 2 equiv of lithium amide to yield 
25 
 
 
 
Scheme 2.4. Salt metathesis for Group 4 bisamidinate bisamide complexes.16 
 
 
 
Scheme 2.5. Preparation of 3 and 4 through aminolysis.17 
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M[MeC(NCy)2]2(NR2)2 (M = Zr, R = Me, Et; M = Hf, R = Me) (Scheme 2.4).16 We 
have also reported several Group 4 guanidinate amide complexes through the 
aminolysis of Zr(NMe2)4 (1) with 1 and 2 equiv of the guanidine 2 (Scheme 2.5).17 
It was found difficult to control the aminolysis with 1 equiv of guanidine. 
In the current work, several zirconium amidinate amide complexes have 
been prepared through aminolysis in order to study their reactions with H2O, 
H2O2 and O2 in Part 3. Our syntheses and characterization of these complexes 
are reported here. 
 
2.2. Results and Discussion 
2.2.1. Synthesis of iPrN(H)C(Me)=NiPr (7) 
 Amidines are usually prepared by the reaction of an amine and nitrile in 
the presence of, e.g., a lanthanide catalyst.18 In the current work, 7 is prepared 
by reacting 1 equiv of MeLi with a carbodiimide iPr-N=C=N-iPr (5) to give its salt, 
Li[MeC(NiPr)2] (6). 6 is then acidified with H2O to give 7 (Scheme 2.6) which is a 
liquid and purified by distillation at 115 C and ~0.1 mmHg.  
 
 
 
Scheme 2.6. Preparation of 6 and 7. 
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Scheme 2.7. Preparation of 9 and 11. 
 
 
1H NMR spectra of 7 in CDCl318c and CD3CN18a have been reported. We 
have found that at room temperature the 1H NMR spectrum in toluene-d8 showed 
a dynamic exchange as the peaks were broad. At 208 K, the 1H NMR spectrum 
(Figure 2.2) of 7 in toluene-d8 showed the –CHMe2 groups appear at 1.11 and 
1.22 ppm. The methyl on the quaternary carbon, -N(H)C(Me)=N-, was observed 
at 1.60 ppm. Two peaks at 3.47 and 4.28 ppm were assigned to the CH protons. 
The NH proton was observed at 4.71 ppm.   
 The 13C{1H} NMR spectrum of 7 (Figure 2.3) at 208 K showed the –CHMe2 
groups appear at 22.54 and 25.59 ppm. The methyl on the amidinate ligand was 
observed at 15.79 ppm. The CHMe2 carbon atoms were observed at 41.10 and 
49.04 ppm. The quaternary carbon atom appears at 152.11 ppm. Compound 7 
was also characterized by mass spectrometry with m/z = 143.15488 [7+H+], 
Calculated m/z = 143.15482 [7+H+]. 
      At room temperature, there were broad peaks and a variable temperature 
NMR experiment was performed. A 1H and 13C{1H} NMR spectrum was collected 
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Figure 2.2. 1H NMR spectrum of 7 in toluene-d8 at 208 K. 
NH (7) 
CHMe2 (7) CHMe2 (7) 
Et2O 
CHMe2 (7) 
Et2O 
NC(Me)N (7) 
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Figure 2.3. 13C{1H} NMR spectrum of 7 in toluene-d8 at 208 K.
NC(Me)N (7) Et2O
CHMe2 (7) CHMe2 (7) 
CHMe2 (7) 
NC(Me)N (7)
Et2O
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from 203 K to 298 K in 5 K intervals. We had hoped to obtain its rate of exchange 
and calculate its activation parameters. However, due to peak overlap in the 1H 
NMR these efforts were not successful. 
 
2.2.2. Synthesis and Mass Spectrum of Zr[MeC(NiPr)2]2Cl2 (8) 
 Zr[MeC(NiPr)2]2Cl2 (8) was prepared by adding 2 equiv of Li[MeC(NiPr)2] 
(6) to freshly sublimed ZrCl4 in a hexanes solution at -30 C.  After the mixture 
was warmed to 23 C, it was refluxed at 70 C for 6 h. Filtration and removal of 
volatiles gave the raw product as a neon green solid.  
The 1H NMR spectrum of 8 in benzene-d6 (Figure 2.4) showed a doublet 
at 1.30 ppm for the CHMe2 groups. A multiplet for the CH groups on the isopropyl 
groups appeared at 3.34 ppm. A singlet was observed for the methyl group on 
the amidinate ligand at 1.39 ppm. In the 13C{1H} NMR spectrum of 8 in benzene-
d6 (Figure 2.5), CHMe2 groups appear at 24.51 ppm. The CH atom on the 
isopropyl groups at 48.63 ppm. The methyl group on the amidinate appeared at 
10.52 ppm. The quaternary carbon atom was observed at 178.27 ppm. Devi and 
coworkers have prepared the Hf analog of 8 and the 1H and 13C{1H} NMR 
spectra of 8 are consistent with those of the Hf analog.15f  
Compound 8 was also characterized by mass spectrometry with a m/z = 
443.09 [8+H+]. Zirconium has five stable isotopes (90Zr, 91Zr, 92Zr, 94Zr, and 96Zr; 
Table 2.1). In a mass spectrum, it is easy to see the isotopic pattern of a 
monomer Zr center. In addition, chlorine has two isotopes (35Cl, 37Cl; Table 2.2). 
Thus MS of 8 is expected to show a unique pattern. Solid powders of 8 were 
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Figure 2.4. 1H NMR spectrum of 8 in benzene-d6.
CHMe2 (8) 
NC(Me)N (8) 
CHMe2 (8) 
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Figure 2.5. 13C{1H} NMR spectrum of 8 in benzene-d6. 
NC(Me)N (8) 
CHMe2 (8) 
CHMe2 (8) 
NC(Me)N (8) 
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placed in a heated (200 C) He stream by the sealed end of a capillary tube. The 
MS spectrum is given in Figure 2.6 along with the predicted spectrum. It 
confirmed the identity of 8. 
 
2.2.3. Synthesis and Characterization of the Monoamidinate 
Zr[MeC(NiPr)2](NMe2)3 (9) 
 Zr[MeC(NiPr)2](NMe2)3 (9) was prepared by adding 1 equiv of 
iPrN(H)C(Me)=NiPr (7) in pentane to Zr(NMe2)4 (1) at  -50 C with the release of 
HNMe2. The addition should be very slow to avoid the formation of the 
bisamidinate Zr[MeC(NiPr)2]2(NMe2)2 (10). The yield of the raw product was 53%. 
The 1H NMR spectrum of 9 in benzene-d6 (Figure 2.7) showed a doublet 
at 1.04 ppm for the CHMe2 groups. Two singlets at 1.52 and 3.09 ppm were 
assigned to -C(Me) group on the amidinate and amide (NMe2) ligands, 
respectively. A mulitiplet for the CHMe2 groups appears at 3.34 ppm. 
In the 13C{1H} NMR spectrum (Figure 2.8), peaks at 10.48 and 175.42 
ppm were assigned to -C(Me) and -C(Me)- groups on the amidinate, respectively. 
The peak at 25.02 ppm accounts for the CHMe2 groups. The NMe2 ligands 
appear at 42.62 ppm.  
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Table 2.1. Stable isotopes of zirconium 
 
 
 
Table 2.2. Stable isotopes of chlorine 
 
 
 
Isotope Accurate Mass % Natural Abundance 
90Zr 89.9047026(26) 51.45(2) 
91Zr 90.9056439(26) 11.22(2) 
92Zr 91.9050386(26) 17.15(1) 
94Zr 93.9063148(28) 17.38(2) 
96Zr 95.908275(4) 2.80(1) 
Isotope Accurate Mass % Natural Abundance 
35Cl 34.968852721(69) 75.78(4) 
37Cl 36.96590262(11) 24.22(4) 
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Figure 2.6. (Top) Calculated and (Bottom) Observed MS of [8+H+].  
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Figure 2.7. 1H NMR spectrum of 9 in benzene-d6. 
CHMe2 (9) 
NMe2 (9) 
NC(Me)N (9) 
CHMe2 (9) 
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Figure 2.8. 13C{1H} NMR spectrum of 9 in benzene-d6. 
NC(Me)N (9) CHMe2 (9) 
NMe2 (9) 
CHMe2 (9) 
NC(Me)N (9) 
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2.2.4. Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10) 
Zr[MeC(NiPr)2]2(NMe2)2 (10) has been prepared by three different routes 
with different yields. In Route 1, 10 was synthesized by first reacting ZrCl4 with 2 
equiv of LiNMe2 to give Zr(NMe2)2Cl2, followed by replacement of the two 
remaining chloride ligands by 2 equiv of Li[MeC(NiPr)2] (6, Scheme 2.8). This 
method does not give pure product. Instead a messy mixture of products was 
obtained. The yield of 10 was less than 5% according to a 1H NMR spectrum. 
In Route 2, the order of the reactants was switched. First, 2 equiv of 6 was 
added to ZrCl4 to make the intermediate compound Zr[MeC(NiPr)2]2Cl2 (8). 8 then 
reacted with 2 equiv of LiNMe2 to give 10 in 22% yield (Scheme 2.9).   
In Route 3, Zr(NMe2)4 (1) was first prepared from LiNMe2 and freshly 
sublimed ZrCl4.7 Two equiv of iPrN(H)C(Me)=NiPr (7) was added to 1 to give 10 
and 2 equiv of HNMe2 (Scheme 2.10). Removal of volatiles gave analytically pure 
10 in 95% yield. This is the route chosen to make 10 throughout this dissertation.  
 The 1H NMR spectrum of 10 in benzene-d6 (Figure 2.9) shows a doublet 
at 1.18 ppm for the CHMe2 groups. Two singlets at 1.58 and 3.23 ppm were 
assigned to -C(Me) group on the amidinate and amide (NMe2) ligands, 
respectively. A mulitiplet for the CHMe2 groups appears at 3.45 ppm.  
These observations suggest that 10 undergoes a rapid exchange at room 
temperature by the Bailar twist mechanism.19 The Bailar twist mechanism occurs 
when two enantiomers exchange through a trigonal-prismatic intermediate 
(Scheme 2.11). In this case the exchange makes all four isopropyl groups 
equivalent. Our group has studied this twisting mechanism with a similar Zr(IV) 
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bisamidinate bisamide, Zr[MeC(NCy)2]2(NMe2)2, by variable-temperature NMR 
spectroscopy.16 The exchange in 10 was thus not studied further. 
In the 13C{1H} NMR spectrum of 10 (Figure 2.10), peaks at 11.31 and  
175.07 ppm were assigned to -C(Me) and -C(Me)- groups on the amidinate, 
respectively. The CHMe2 groups appear at 25.61 ppm. The NMe2 ligands appear 
at 46.10 ppm. The CH carbon atom on the isopropyl groups appear at 48.34 ppm. 
 
 
 
Scheme 2.8. Route 1 to prepare 10. 
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Scheme 2.9. Route 2 to prepare 10. 
 
 
 
 
Scheme 2.10. Route 3 to prepare 10 and 12. 
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Scheme 2.11. Bailar twist mechanism for the exchange in 10.19 
 
 
2.2.5. Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11) 
 Zr[MeC(NiPr)2](NEt2)3 (11) was made by reacting 1 equiv of 7 with 
Zr(NEt2)4 (Scheme 2.7). Unlike its NMe2 analog 9, this reaction was carried out at 
room temperature to give a crude product as a yellow solid with 91% yield. 
 The 1H NMR spectrum of 11 in benzene-d6 (Figure 2.11) showed a 
doublet at 1.12 ppm for the CHMe2 groups. A triplet for the N(CH2CH3)2 groups 
appear at 1.20 ppm. A singlet at 1.53 ppm was assigned for the methyl on the 
amidinate. A multiplet for the CHMe2 groups at 3.37 ppm. A quintet for the 
N(CH2CH3)2 groups at 3.46 ppm. 
The 13C{1H} NMR spectrum (Figure 2.12), peaks at 10.89 and 175.08 ppm 
were assigned to -C(Me) and -C(Me)- groups on the amidinate, respectively. The 
peak at 15.90 ppm was assigned to the N(CH2CH3)2 groups. The peak at 25.22 
ppm accounts for the CHMe2 groups. The peak at 44.49 accounts for the 
N(CH2CH3)2. The CH carbon atoms of the CHMe2 groups appear at 47.82 ppm.  
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Figure 2.9. 1H NMR spectrum of 10 in benzene-d6. 
CHMe2 (10) 
NMe2 (10) 
NC(Me)N (10) 
CHMe2 (10) 
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Figure 2.10. 13C{1H} NMR spectrum of 10 in benezene-d6.
NC(Me)N (10) 
CHMe2 (10) 
NMe2 (10) 
CHMe2 (10) 
NC(Me)N (10) 
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2.2.6. Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12) 
Zr[MeC(NiPr)2]2(NEt2)2 (12) was prepared from 7 and Zr(NEt2)4 (Scheme 
2.10). Removing volatiles gave analytically pure 12 in 92% yield. At room 
temperature, the 1H NMR spectrum of 12 in benzene-d6 showed broad peaks for 
the N(CH2CH3)2, CHMe2, and CHMe2 groups. In the 13C{1H} NMR spectrum there 
are two broad peaks for CHMe2 and CHMe2 groups. Variable-Temperature NMR 
studies of 12 are discussed in Section 2.2.7. Mass spectrometry was also used 
to characterize 12 and a m/z = 444.26 [12-NEt2+] was observed (Figure 2.13). 
Here 12 was ionized and lost a diethylamide ligand.   
 
2.2.7. Variable-Temperature NMR Studies of Zr[MeC(NiPr)2]2(NEt2)2 (12) 
Since at room temperature some 1H NMR peaks of 12 were broad, we 
have studied its dynamic behavior by variable-temperature NMR (VT-NMR) and 
obtained the activation parameters for the process. 
One contributing factor to the fluxionality is the bulky NEt2 groups which 
slow down the exchanges in comparison to its NMe2 analog 10. As the 
temperature was lowered to 213 K, de-coalescence of all peaks occurred. At 213 
K, four doublets appear for the isopropyl (CHMe2) groups at 25.93, 25.91, 25.52, 
and 23.52 ppm. Two peaks for CHMe2 appear at 3.47 and 3.32 ppm. Two peaks 
for NCH2CH3 were observed at 3.96 and 3.64 ppm. 
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Figure 2.11. 1H NMR spectrum of 11 in benzene-d6. 
N(CH2CH3)2 (11) 
CHMe2 (11) HN(CH2CH3)2  
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Figure 2.12. 13C{1H} NMR spectrum of 11 in benzene-d6. 
NC(Me)N (11) 
N(CH2CH3)2 (11) 
CHMe2 (11) 
HN(CH2CH3)2 
CHMe2 (11) 
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Figure 2.13. (Top) Calculated and (Bottom) Observed MS for [12-NEt2+]. 
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To our surprise, the methyls on CHMe2 separated out into four doublets 
and two of them were overlapping with N(CH2CH3)2. This was also confirmed by 
the 13C{1H} NMR spectrum in which four peaks for CHMe2 were observed. Low 
temperature 2-D NMR (HMBC, HSQC) experiments confirmed the assignments, 
as discussed in Section 2.2.8.   
Partial VT 1H NMR spectra for the CHMe2 and N(CH2CH3)2 region are 
given in Figure 2.14. As the temperature increases, the exchange based on the 
Bailar twist process speeds up,19 eventually reaching the coalescence at 303 K.20 
The rate constants of this interconversion at various temperatures were 
calculated from Eq. 2.1: 
 
 
     (Eq. 2.1) 
where 0 and  are frequency differences (Hz) between the site of the slow 
exchange limit and the exchange-broadened sites at temperature T, 
respectively.21-24  
 
The rate constants are given in Table 2.3. The frequency differences (Hz) were 
taken from the two CHMe2 on the isopropyl group and used in Eq 2.1. The 
activation parameters of the exchange were determined from an Erying plot 
(Figure 2.15) to give: ∆H‡ = 10.9(1.1) kcal mol-1, ∆S‡ = -11(4) eu. A ∆G‡303 K 
value was calculated to be ∆G‡303 K = 14(2) kcal mol-1 which is close to those in 
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an analog complex Zr(IV) complex Zr[NMe2C(NCy)2]2(NEt2)2 containing two 
bis(cyclohexyl)amidinate and two NEt2 ligands.16  
 At 23 C, the 13C{1H} NMR spectrum of 12 in toluene-d8 also show a 
dynamic feature in which the CH and CHMe2 resonances are broad at 48.27 and 
25.67 ppm, respectively where as at 213 K two sharp CH peaks at 48.14 and 
47.55 ppm and four sharp CHMe2 appear at 25.93, 25.91, 25.52, and 23.52 ppm.     
 
2.2.8. 2-D NMR Studies of Zr[MeC(NiPr)2]2(NEt2)2 (12) 
 The integration of the CH(CH3)2 and N(CH2CH3)2 peaks in the 1H NMR 
spectrum of 12 at 213 K did not match what were expected (Figure 2.16). Also, in 
the 13C{1H} NMR spectrum four CHMe2 peaks appear, suggesting a peak overlap. 
In a similar Zr(IV) guanidinate complex, (Et2N)2Zr[iPrNC(NEt2)NiPr]2,28 the 1H 
NMR spectrum at room temperature shows four doublets for the CHMe2 groups.  
With this knowledge, HMBC and HSQC NMR experiments were conducted at 
213 K. In the HSQC, the four isopropyl groups in the 13C{1H} NMR spectrum 
relates to their corresponding protons in the 1H NMR (Figure 2.18). In the HMBC, 
two different methyl groups on the isopropyl groups are connected to its 
respective CH of the isopropyl group. 
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Figure 2.14. Partial VT 1H NMR spectra of 12 in toluene-d8. 
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Table 2.3. Rate constants of interconversions in 12 
The total uncertainty δk’/k’ of 0.092 was calculated from δk’ran/k’ = 0.077 and 
k’sys/k’ = 0.05.26,27 
 
 
 
 
 
 
 
 
 
Temperature (K)  (Hz) Rate Constant k (s-1) 
303 0 280(3) 
298 33.8 237(2) 
293 50.7 166(8) 
288 57.8 112(7) 
283 60.4 80(6) 
278 62.2 45.0(0.2) 
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Figure 2.15. Eyring plot of the exchange in 12, yielding activation parameters of 
the exchange. 
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Figure 2.16. 1H NMR spectrum of 12 in toluene-d8 at 213 K. 
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Figure 2.17. 13C{1H} NMR spectrum of 12 in toluene-d8 at 213 K. 
NC(Me)N (12) CHMe2 (12) 
N(CH2CH3)2 (12) 
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Figure 2.18. HSQC of 12 in toluene-d8 at 213 K, correlating H atoms to their respective C atoms for the methyl groups 
on the iPr groups.  
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2.3. Concluding Remarks 
 Several Group 4 amidinate amide complexes have been prepared and 
characterized. Zr[MeC(NiPr)2]2(NMe2)2 (10) has been synthesized by three 
different routes. The route that gave the highest yield was through the aminolysis 
of an amidine and a metal amide. This route was used to make all other 
zirconium and Group 5 amidinate amide complexes in this dissertation. It would 
be interesting to study the reactivities of these compounds towards O2 and 
potentially see if any unusual products form. Reactions of compound 10 with H2O, 
H2O2, and O2 will be discussed in Part 3. The reactivities of 12 towards H2O and 
O2 will also be discussed in Part 3. 
 Also, compound 12 revealed an interesting dynamic NMR behavior. A 
variable temperature NMR experiment was conducted and the activation 
parameters for the Bailar twist process were determined: ∆H‡ = 10.9(1.1) kcal 
mol-1, ∆S‡ = -11(4) eu and ∆G‡303 K = 14(2) kcal mol-1.   
 
2.4. Experimental Section 
 All manipulations were carried out under a dry nitrogen atmosphere with 
the use of either a glovebox or standard Schlenk techniques. N,N’-
Diisopropylcarbodiimide (5), LiNMe2 and MeLi (1.6 M in Et2O) were purchased 
from Acros and used without further purification. Solvents were purified by 
distillation from a potassium benzophenone ketyl. NMR solvents were dried and 
stored over 5 Å molecular sieves. ZrCl4 was purchased from Strem and sublimed 
at 170 C before use. Zr(NMe2)4 (1) and Zr(NEt2)4 were prepared according to 
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literature.7,29 Deionized H2O was degassed and stored in a Schlenk flask. 1H and 
13C{1H} NMR spectra were recorded on an AMX-400 FT or Varian VNMRS-500 
spectrometer. Elemental analyses were conducted by Complete Analysis 
Laboritories, Inc., Parsippany, NJ. Mass spectra were recorded on a JEOL 
AccuTOF™ DART Mass Spectrometer. 
 
2.4.1. Calculating Errors in Variable-Temperature NMR Studies 
          The activation parameters determined from the Eyring plot, were obtained 
by using the average rate constants which were obtained through two separate 
experiments at a given temperarute and their averages are listed in Table 2.3. 
The maximum random uncertainty in the rate constants was combined with the 
estimated systematic uncertainty of 5%. The total uncertainties in the rate 
constants k were used in the ln(keq/T) vs. 1000/T plot in Figure 2.15 and error 
calculations. The NMR probe temperature measurements contribute to an 
estimated uncertainty of 1 K. The uncertainties in ∆H‡ and ∆S‡ were calculated 
from the following error formulas derived from Rln(kh/kbT) = - ∆H‡/T + ∆S‡.30 
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where ∆L = [ln(kmax/Tmax) – ln(kmin/Tmin)] and ∆T = (Tmax – Tmin). 
58 
 
2.4.2. Synthesis of Li[MeC(NiPr)2] (6)  
Compound 5 was prepared by the addition of MeLi (33.5 mL, 1.6 M in 
Et2O, 53.7 mmol) to iPrN=C=NiPr (5, 6.765 g, 53.61 mmol) and in Et2O (40 mL) 
at 0 C. The solution was allowed to stir overnight and the volatiles were 
removed in vacuo affording a white solid. The solid was washed with pentane 
and volatiles were removed in vacuo to afford Li[MeC(NiPr)2] (6) (5.894 g, 39.78 
mmol, 74.2% yield). Compound 6 is not soluble in benzene-d6. 1H NMR 
(tetrahydrofuran-d8, 499.73 MHz, 23 C): δ 3.45 (m, 2H, CHMe2), 1.75 (s, 3H, 
NC(Me)N), 0.95 (d, 12H, CHMe2); 13C{1H} NMR (tetrahydrofuran-d8, 125.67 MHz, 
23 C) δ 168.97 (NC(Me)N), 47.96 (CHMe2), 27.63 (CHMe2), 10.79 (NC(Me)N). 
1H and 13C{1H} NMR assignments were confirmed by DEPT and HSQC 
experiments. 1H and 13C{1H} NMR spectra are given in Figures 2.19 and 2.20, 
respectively. 
 
2.4.3. Synthesis of iPrN(H)C(Me)=NiPr (7) 
 Li[MeC(NiPr)2] (5) (5.893 g, 39.77 mmol) was dissolved in THF (50 mL) 
and H2O (0.80 mL, 0.80 g, 44.42 mmol) was added via syringe. The solution was 
allowed to stir for 20 min and Et2O (100 mL) was added. Na2SO4, a drying agent, 
was added to the solution and stirred for 12 h, followed by filtration. Et2O in the 
filtrate was removed at 23 C. The liquid product 7 was distilled from the liquid 
residue at 115 C and ~0.1 Torr. 1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 
3.85 (br, 2H, CHMe2), 3.01 (br, 1H, NH), 1.36 (s, 3H, NC(Me)N), 1.13 (d, 12H, 
CHMe2);  13C{1H} NMR (benzene-d6, 100.62 MHz, 23 C) δ 151.58 (NC(Me)N),
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Figure 2.19. 1H NMR spectrum of 6 in THF-d8.  
CHMe2 (6) 
NC(Me)N (6) 
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Figure 2.20. 13C{1H} NMR spectrum of 6 in THF-d8. 
NC(Me)N (6) 
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45.29 (br, CHMe2), 24.22 (CHMe2), 15.71 (NC(Me)N). 1H NMR (toluene-d8, 
400.17 MHz, 23 C): δ 3.74 (br, 1H, NH), 3.33 (br, 2H, CHMe2), 1.43 (s, 3H, 
NC(Me)N), 1.04 (d, 12H, CHMe2); 13C{1H} NMR (toluene-d8, 100.62 MHz, 23 C): 
δ 151.55 (NC(Me)N), 45.18 (br, CHMe2), 24.18 (CHMe2), 15.47 (NC(Me)N). 1H 
NMR (toluene-d8, 400.17 MHz, -65 C): δ 4.71 (br, 1H, NH), 4.28 (m, 1H, CHMe2), 
3.47 (m, 1H, CHMe2), 1.60 (s, 3H, NC(Me)N), 1.22 (d, 6H, CHMe2), 1.11 (d, 6H, 
CHMe2);  13C{1H} NMR (toluene-d8, 100.62 MHz, -65 C): δ 152.11 (NC(Me)N), 
49.04 (CHMe2), 41.10 (CHMe2), 25.58 (CHMe2), 22.54 (CHMe2), 15.79 
(NC(Me)N). DART-MS: Calculated m/z = 143.15482 [7+H+], Found m/z = 
143.15488 [7+H+]; 0.419 ppm difference. 
 
2.4.4. Synthesis of Zr[MeC(NiPr)2]2Cl2 (8) 
 Freshly sublimed ZrCl4 (3.436 g, 14.74 mmol) was stirred in hexanes to 
form a slurry. The slurry was cooled to -35 C. Li[MeC(NiPr)2] (6, 4.226 g, 28.52 
mmol) was dissolved in hexanes and added dropwise to the hexanes slurry of 
ZrCl4. The solution was refluxed for 6 h and then filtered. Volatiles were removed 
in vacuo affording a bright green solid (4.490 g, 10.10 mmol, 68.5% yield). 1H 
NMR (benzene-d6, 400.17 MHz, 23 C): δ 3.34 (m, 4H, CHMe2), 1.39 (s, 6H, 
NC(Me)N), 1.30 (d, 24H, CHMe2); 13C{1H} NMR (benzene-d6, 100.63 MHz, 23 
C): δ 178.06 (NC(Me)N), 48.42 (CHMe2), 24.29 (CHMe2), 10.33 (NC(Me)N). 1H 
and 13C{1H} NMR assignments were confirmed by HSQC experiments. DART-
MS: m/z = 443.09 [8+H+]. 
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2.4.5. Synthesis of Zr[MeC(NiPr)2](NMe2)3 (9) 
Zr(NMe2)4 (1, 1.104 g, 4.128 mmol) was dissolved in pentane (50 mL) and 
cooled to -50 C. Compound 7 (0.5847 g, 4.111 mmol) was dissolved in pentane 
(50 mL) and added dropwise to the pentane solution of Zr(NMe2)4 (1) and kept 
cooled for 4 h. The solution was warmed to room temperature and stirred for an 
additional 12 h and volatiles removed in vacuo affording a yellow solid (0.8047 g, 
2.207 mmol, 53.5% yield). 1H NMR (benzene-d6, 399.17 MHz, 23 C): δ 3.34 (m, 
2H, CHMe2), 3.09 (s, 18H, NMe2), 1.52 (s, 3H, NC(Me)N), 1.04 (d, 12H, CHMe2); 
13C{1H} NMR (benzene-d6, 100.63 MHz, 23 C): δ 175.42 (NC(Me)N), 47.87 
(CHMe2), 42.62 (NMe2), 25.02 (CHMe2), 10.48 (NC(Me)N). 1H and 13C{1H} NMR 
assignments were confirmed by DEPT experiments. 9 is an intermediate in the 
formation of 10 below, and was not characterized further. 
 
2.4.6. Synthesis of Zr[MeC(NiPr)2]2(NMe2)2 (10) 
Zr(NMe2)4 (1) (1.601 g, 5.984 mmol) was dissolved in pentane (50 mL) 
and cooled to -30 C. 7 (1.758 g, 12.36 mmol) was dissolved in pentane (50 mL) 
and added dropwise to the solution of 1. The solution was stirred for 12 h and 
volatiles were removed in vacuo affording a yellow solid (2.7640 g, 5.985 mmol, 
95.6% yield). 1H NMR (benzene-d6, 399.17 MHz, 23 C): δ 3.45 (m, 4H, CHMe2), 
3.23 (s, 12H, NMe2), 1.58 (s, 6H, NC(Me)N), 1.18 (d, 24H, CHMe2); 13C{1H} NMR 
(benzene-d6, 100.63 MHz, 23 C): δ 175.07 (NC(Me)N), 48.34 (CHMe2), 46.10 
(NMe2), 25.61 (CHMe2), 11.31 (NC(Me)N). 1H and 13C{1H} NMR assignments 
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were confirmed by DEPT, HMBC and HSQC experiments. Anal. Calcd: C, 52.01; 
H, 10.04. Found: C, 51.86; H, 9.98. 
 
2.4.7. Synthesis of Zr[MeC(NiPr)2](NEt2)3 (11) 
This reaction was conducted in a J. Young’s tube and reagents were 
mixed in a glovebox. Zr(NEt2)4 (0.0280 g, 0.0737 mmol) was dissolved in 
benzene-d6 (1 mL). Compound 7 (0.0102 g, 0.0717 mmol) was added to a vial 
and dissolved in benzene-d6 (1 mL) and added dropwise via pipette to the 
solution of Zr(NEt2)4. The solution was allowed to be mixed and volatiles 
removed in vacuo affording a yellow solid (0.0302 g, 0.0673 mmol, 91.3% yield). 
1H NMR (benzene-d6, 499.73 MHz, 23 C): δ 3.46 (q, 12H, N(CH2CH3)2), 3.37  
(m, 2H, CHMe2), 1.53 (s, 3H, NC(Me)N), 1.20 (t, 18H, N(CH2CH3)2), 1.12 (d, 12H, 
CHMe2); 13C{1H} NMR (benzene-d6, 125.67 MHz, 23 C): δ 175.08 (NC(Me)N), 
47.82 (CHMe2), 44.49 (N(CH2CH3)2), 25.22 (CHMe2), 15.90 (N(CH2CH3)2), 10.89 
(NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by a HSQC 
experiment. 11 is an intermediate in the formation of 12 below, and was not 
characterized further. 
 
2.4.8. Synthesis of Zr[MeC(NiPr)2]2(NEt2)2 (12) 
Zr(NEt2)4 (2.344 g, 6.171 mmol) was dissolved in pentane (50 mL) and 
cooled to -30 C. Compound 7 (1.761 g, 12.38 mmol) was dissolved in pentane 
(50 mL) and added dropwise to the pentane solution of Zr(NEt2)4. The solution 
was stirred for 12 h and volatiles removed in vacuo affording a yellow solid 
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(2.954 g, 5.702 mmol, 92.4% yield). 1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 
3.71 (br, 8H, N(CH2CH3)2), 3.46 (br, 4H, CHMe2), 1.59 (s, 6H, NC(Me)N), 1.20 
(br, 24H, CHMe2), 1.10 (t, 12H, N(CH2CH3)2); 13C{1H} NMR (benzene-d6, 100.62 
MHz, 23 C): δ 173.35 (NC(Me)N), 48.04 (CHMe2), 41.67 (N(CH2CH3)2), 25.62 
(CHMe2), 13.69 (N(CH2CH3)2), 11.90 (NC(Me)N). 1H NMR (toluene-d8, 400.08 
MHz, 23 C): δ 3.68 (br, 8H, N(CH2CH3)2), 3.46 (br, 4H, CHMe2), 1.61 (s, 6H, 
NC(Me)N), 1.26 (br, 24H, CHMe2), 1.09 (t, 12H, N(CH2CH3)2); 13C{1H} NMR 
(toluene-d8, 100.60 MHz, 23 C): δ 172.64 (NC(Me)N), 48.27 (br, CHMe2), 41.65 
(N(CH2CH3)2), 25.67 (br, CHMe2), 13.68 (N(CH2CH3)2), 11.81 (NC(Me)N). 1H 
NMR (toluene-d8, 400.08 MHz, -60 C): δ 3.95 (m, 4H, N(CH2CH3)2), 3.62 (m, 4H, 
N(CH2CH3)2), 3.47 (m, 2H, CHMe2), 3.32 (m, 2H, CHMe2), 1.53 (s, 6H, 
NC(Me)N), 1.42 (d, 6H, CHMe2), 1.36 (d, 6H, CHMe2), 1.14 (d, 6H, CHMe2), 1.13 
(d, 6H, CHMe2), 1.13 (t, 12H, N(CH2CH3)2); 13C{1H} NMR (toluene-d8, 100.60 
MHz, -60 C): δ 173.14 (NC(Me)N), 48.15 (CHMe2), 47.55 (CHMe2), 41.11 
(N(CH2CH3)2), 25.93 (CHMe2), 25.91 (CHMe2), 25.53 (CHMe2), 23.52 (CHMe2), 
13.30 (N(CH2CH3)2), 11.27 (NC(Me)N). 1H and 13C{1H} NMR assignments were 
confirmed by HMBC and HSQC experiments at 213 K. Anal. Calcd: C, 55.65; H, 
10.51; N, 16.23. Found: C, 55.49; H, 10.40; N, 16.17.  
 
2.4.9. Mass Spectrometry Studies 
 Mass spectra were recorded on a JEOL AccuTOF™ DART Mass 
Spectrometer. The closed end of a capillary tube was inserted into solids of the 
samples to pick up the samples, and the tube was placed into a heated stream of 
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He (200, 300 or 400 C) in the spectrometer. This method was used throughout 
this dissertation. 
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Part 3 
 
Reactions of Zirconium Amidinate Amide Complexes with 
Dioxygen, Water or Hydrogen Peroxide 
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Abstract 
 The reactions of Zr amidinate amide complexes Zr[MeC(NiPr)2]2(NR2)2 (R 
= Me, 10; Et, 12) with either O2 or water have been studied. Two major products 
for both reactions of 10 or 12 with O2 or H2O are dimer {(-O)Zr[MeC(NiPr)2]2}2 
(14) and its insoluble polymer {(-O)Zr[MeC(NiPr)2]2}n (17). 14 was characterized 
by 1H and 13C{1H} NMR spectroscopies and MS. {(-O)Zr[MeC(NiPr)2]2}n (17) 
was characterized by elemental analysis, solid-state 13C NMR and IR 
spectroscopies, thermal gravimetric analysis (TGA), and stability tests. An 
unusual Zr peroxo trimer, {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20), has been obtained 
from the reaction of 10 with O2 and its crystal structure has been determined. 20 
has also been prepared from the reaction of Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2. 
Attempts to make 20 by the reaction of H2O2 with Zr[MeC(NiPr)2]2(NMe2)2 (10) 
instead gave 14 and 17. {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) reacts with 
Zr[MeC(NiPr)2]2(NMe2)2 (10) to give the zirconium oxo products, dimer {(-
O)Zr[MeC(NiPr)2]2}2 (14), its polymer {(-O)Zr[MeC(NiPr)2]2}n (17), HNMe2, and 
CH2(NMe2)2 (19). 
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3.1. Introduction 
 Early transition metal complexes are often sensitive to O2 and water, and 
these complexes are thus usually handled under an inert atmosphere.1-6 Many 
early transition metal complexes contain no valence d electrons (d0)1-5 and their 
reactivities toward O2 and water are different from complexes with valence d 
electrons (dn).6 The reactions with O2 and water have been used to make 
microelectronic metal oxide (MOn) materials through chemical vapor deposition 
(CVD) and atomic layer deposition (ALD) processes.7-9 The metal oxides, as gate 
insulating materials, make transistors thinner and microelectronic devices faster 
while batteries last longer. Metal oxide thin films have been prepared using d0 
amide8a-o,9b,e,f and imide8q,r complexes as precursors through CVD/ALD 
processes. Even though the CVD/ALD reactions have been successfully used to 
make metal oxides, the mechanism of the reactions is not well understood. This 
is in part because O2 is a diradical, and many of its reactions are radical in 
nature. 
 Our group has studied the reactions of O2 with homoleptic early transition 
metal amide complexes. Ti(NMe2)4 as a CVD precursor reacts with O2 to form a 
TiO2 thin film.8o The reactions of M(NMe2)4 (M = Zr, Hf) with O2 afford unusual 
oxo aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-ONMe2) and Me2NNMe2.10a 
Reactions of M(NR2)5 (M = Nb, Ta; R = Me, Et) toward O2 were also studied.10b,e 
The isolated products are shown in Scheme 3.1. DFT studies of the reactions 
between Ta(NMe2)5 and O2 are presented in Scheme 3.2.10b One key step in this 
reaction is the insertion of O2 into a M-N bond. 
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Scheme 3.1. Reactions of M(NMe2)5 (M = Nb, Ta) with O2.10b,e 
 
 
The homoleptic amide complexes M(NR2)n8a-o,9b,e,f are too sensitive 
towards air to handle. Ancillary ligands such as amidinates have thus been used 
to make precursor compounds more stable.12 The amidinate ligand is bidentate 
and donates four electrons to the metal center. In Part 2, our syntheses of Zr 
amidinate amides, Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12), are reported. We 
have studied the reactions of 10 with O2, H2O, or H2O2, and 12 with H2O or O2. 
These reactions give oxo dimer {(-O)Zr[MeC(NiPr)2]2}2 (14) and its polymer {(-
O)Zr[MeC(NiPr)2]2}n (17). In addition to HNMe2, CH2(NMe2)2 (19) is a volatile 
product in the reactions of 10 with O2 or H2O2. A peroxo product {(-2:2-
O2)Zr[MeC(NiPr)2]2}3 (20) has been obtained from the reaction of 10 with O2. Our 
studies are reported here. 
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Scheme 3.2. Pathways in the reaction of Ta(NMe2)5 with O2 based on DFT studies.10 
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3.2. Results and Discussion 
3.2.1. Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with O2 
 The Zr amidinate amide complex 10 reacts slowly with 1 atm of O2 at 70 
C in benzene-d6 (Scheme 3.3). 1H NMR monitoring showed that it took ca. 12 
days to complete the reaction. Throughout the process, the peaks of 10 gradually 
decreased and a new set of peaks appeared that are consistent with an oxo-
bridged dimer 14 along with a precipitant that is insoluble. Two organic 
byproducts; HNMe2 and CH2(NMe)2 (19) were also observed in 1H and 13C{1H} 
NMR spectra and GC-MS. The soluble, Zr-containing product was identified to be 
the dimer {(-O)Zr[MeC(NiPr)2]2}2 (14). The insoluble product was characterized 
as a polymer {(-O)Zr[MeC(NiPr)2]2}n (17) of the monomer (O=)[ZrMeC(NiPr)2]2 
(13) and is discussed in Section 3.2.6. The structure of 14 is based on its 1H and 
13C{1H} NMR and MS spectra. As the reaction progressed, more precipitate 
formed while the peaks of the oxo-dimer 14 stayed about the same intensity. 
When a solution of 10 in pentane was exposed to air at -35 C, crystals of 
the peroxo {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) were obtained as a solid mixture 
with 14, 17, and unreacted 10. Its crystal structure and properties are discussed 
in Section 3.2.4. 
The 1H NMR spectrum of 14 in benzene-d6 (Figure 3.1) shows two 
doublets at 1.02 and 1.25 ppm for the CHMe2 methyl groups. A singlet at 1.34 
ppm is assigned to the methyl group on the amidinate ligand (iPrN)(Me)C(NiPr).  
Two multiplets for the CHMe2 atom are assigned at 3.47 and 4.26 ppm. In the 
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Scheme 3.3. Reaction of 10 with O2. 
 
 
Scheme 3.4. Reaction of 12 with O2. 
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Figure 3.1. 1H NMR spectrum of the product mixture from the reaction of 10 with O2 in benzene-d6.  
CHMe2 (14) 
NC(Me)N (14) 
CH2(NMe2)2 (19) 
HNMe2 
CH2(NMe2)2 (19) 
CHMe2 (14) CHMe2 (14) 
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Figure 3.2. 13C{1H} NMR spectrum of the product mixture from the reaction of 10 with O2 in benzene-d6. 
NC(Me)N (14) 
CH2(NMe2)2 (19) 
CHMe2 (14) 
CH2(NMe2)2 (19) 
CHMe2 (14) 
HNMe2 
CHMe2 (14) NC(Me)N (14) 
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13C NMR spectrum of 14 in benzene-d6 (Figure 3.2) two peaks appear at 22.90 
and 25.60 ppm which are assigned for the CHMe2 methyl groups, and their CH 
atoms at 41.40 and 49.20 ppm. The quaternary carbon atom peak appeared at 
151.38 ppm. These observations suggest that the amide ligands are replaced 
with an oxygen moiety to give the oxo-dimer 14 in Scheme 3.3. After the reaction 
was completed, attempts to crystallize the soluble oxo-dimer 14 were 
unsuccessful, as it formed the insoluble polymer {(-O)[Zr[MeC(NiPr)2]2}n (17) 
over time and precipitated from the solution. The polymer 17, however, does not 
dissolve in benzene-d6, DMF, Et2O, hexanes, methanol, pentane, THF, or 
toluene-d8. 
 It should be noted that the NMR spectra of the oxo-dimer 14 also support 
the structures of the oxo monomer 13, trimer 15, tetramer 16, or the polymer 17. 
The following observations and analysis support the oxo dimer 14: (1) 14 was 
also observed in the reaction between 10 and H2O (Section 3.2.3); (2) 14 was 
observed in MS in the reaction of 10 with H2O in air; (3) Reactions between 
Zr[MeC(NiPr)2]2(NEt2)2 (12) and O2 or H2O, discussed in Sections 3.2.2 and 
3.2.3, respectively, also give 14; (4) Elemental analysis of the polymer 17 is 
consistent with the composition that this species is an oligomer of 13. 
Although the monomer (O=)Zr[MeC(NiPr)2]2 (13) was also observed in MS 
as discussed later in Section 3.2.5, it is unlikely the observed product in NMR 
because it is penta-coordinated and perhaps less stable than the hexa-
coordinated oxo dimer 14. We cannot rule out the observed species is the oxo 
trimer 15 (Scheme 3.5), which is also hexa-coordinated. But it is unlikely to be  
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Scheme 3.5. Hexa-coordinated trimer 15 and hepta-coordinated tetramer 16. 
 
 
the hepta-coordinated tetramer 16 as Zr centers are perhaps too crowded. 
The identification of HNMe2 and CH2(NMe2)2 (19) as byproducts in the 
reaction of 10 with O2 suggests this reaction is radical.13 Several papers have 
reported that, once NMe2 radicals are formed, their reactions lead to the 
formation of HNMe2 and CH2(NMe2)2 (19) involving intermediates such as CH3, 
CH2=NH, H, CH3N=CH2, and (CH3)2N-CH2.13a,b This helps explain the 
formation of the major products, 14 and 17, in the reaction of 10 with O2 (Scheme 
3.3) giving HNMe2 and 19. We earlier reported that the reactions of M(NMe2)4 (M 
= Zr, Hf) with O2 gives aminoxides M3(NMe2)6(µ-NMe2)3(µ3-O)(µ3-ONMe2) and 
Me2NNMe2 (Scheme 3.6) which probably goes through a radical process.10a DFT 
calculations using models suggest that a mechanism involving NMe2 radicals 
from homoleptic cleavage of newly formed ZrO-NMe2 bonds from insertion of an 
O atom into a Zr-NMe2 bond.10a It is surprising that the fate of the NMe2 ligands is 
different in the reactions of M(NMe2)4 (M = Zr, Hf) and 10 with O2. 
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Scheme 3.6. Reactions of Zr and Hf amides with O2.10a 
 
 
3.2.2. Reaction of Zr[MeC(NiPr)2]2(NEt2)2 (12) with O2  
 Since the reaction of dimethylamide amidinate Zr[MeC(NiPr)2]2(NMe2)2 
(10) with O2 gives several products, including the oxo dimer {(-
O)Zr[MeC(NiPr)2]2}2 (14) and polymer {(-O)Zr[MeC(NiPr)2]2}n (17) that contain no 
amide ligands. One method to support the identity of 14 and 17 was to study the 
reaction of diethylamide amidinate 12 with O2 and see if it also forms 14 and 17. 
Indeed the reaction yielded the soluble oxo-dimer 14 product and the insoluble 
solid 17, as shown in Scheme 3.4. 1H and 13C{1H} NMR spectra are given in 
Figures 3.3 and 3.4, respectively. The only organic product was HNEt2 which was 
confirmed by 1H and 13C{1H} NMR spectra and GC-MS. It should also be noted 
that this reaction was completed more quickly than its methyl analog 10. The 
reaction of 12 with O2 requires heating at 70 C for 7 days. The reaction of 10 
with O2 at 70 C, in comparison, took ca. 12 days to complete. 
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Figure 3.3. 1H NMR spectrum of the product mixture from the reaction of 12 with O2 in benzene-d6. 
CHMe2 (14) CHMe2 (14) 
HN(CH2CH3)2 
NC(Me)N (14) 
CHMe2 (14) 
HN(CH2CH3)2 
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Figure 3.4. 13C{1H} NMR spectrum of the product mixture from the reaction of 12 with O2 in benzene-d6.  
NC(Me)N (14) 
CHMe2 (14) 
HN(CH2CH3)2 
CHMe2 (14) 
CHMe2 (14) 
NC(Me)N (14) 
HN(CH2CH3)2 
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3.2.3. Reactions of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with H2O 
 The reactions were monitored by 1H and 13C{1H} NMR spectroscopies. 
Addition of 1 equiv of H2O in THF to 12 in benzene–d6 was found to give soluble 
products HNEt2 and the dimer {(-O)Zr[MeC(NiPr)2]2}2 (14, Scheme 3.7). The 
reaction was much faster than that of 10 or 12 with O2, and was completed in a 
few minutes. The product mixture turned cloudy, presumably as the result of the 
precipitation of the polymer {(-O)Zr[MeC(NiPr)2]2}n (17). The NMR chemical 
shifts of 14 (Figures 3.5 and 3.6, only the chemical shifts of 14 are labeled) are 
identical to those from the reactions of O2 with Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 
10; Et, 12) (Figures 3.1-3.4). The amount of the solid was too small to be 
isolated. These observations point to the reaction in Scheme 3.7. Since the 
reactions here with H2O unlikely give peroxo products, the observations of 14 
and 17 in the reactions in Scheme 3.7 support the assignments of 14 and 17 as 
the dimeric and polymeric oxo products, ruling out that they are peroxo species. 
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Scheme 3.7. Reaction of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with H2O.
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Figure 3.5. 1H NMR spectrum of the product mixture from the reaction of 12 with H2O in benzene-d6. Unlabeled peaks are 
those of 12. 
CHMe2 (14) 
CHMe2 (14) 
NC(Me)N (14) CHMe2 (14) 
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Figure 3.6. 13C{1H} NMR spectrum of the product mixture from the reaction of 12 with H2O in benzene-d6. Unlabeled 
peaks are those of 12. 
NC(Me)N (14) 
CHMe2 (14) 
CHMe2 (14) 
CHMe2 (14) 
NC(Me)N (14) 
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 Bernasek and Schwartz reported earlier that the reactions of Zr(OtBu)4 
with surface OH groups are faster than those of its alkyl analog Zr(CH2tBu)4.14  
Lone pair electrons on the OtBu ligands assist the H+ migration from the OH 
groups to the alkoxide ligand, removing the latter as the alcohol HOtBu. The 
amide ligands NMe2 in Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) contain lone 
pair electrons as well and they may assist the H+ migration and removal of the 
amide ligands (Scheme 3.8). 
 
 
 
Scheme 3.8. H+ transfer assisted by lone pair electrons on amide ligands. 
 
 
3.2.4. Formation and X-ray Crystal Structure of  
{(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) 
 Crystals of {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) were obtained as a solid 
mixture with Zr[MeC(NiPr)2]2(NMe2)2 (10), {(-O)Zr[MeC(NiPr)2]2}2 (14) and {(-
O)Zr[MeC(NiPr)2]2}n (17), after a solution of 10 in pentane at -30 C was exposed 
to air over a period of weeks. Given that air contains 21% O2, peroxo 20 is likely 
the product of the reaction between 10 and O2 at -30 C (Scheme 3.3). The low 
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temperature of -30 C may have helped the isolation of the crystals of 20, as we 
have found that 20 reacts with 10 in solution at room temperature. The reaction 
between 20 and 10 is discussed below. 
 {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) is significant as, to our knowledge, 
such a Zr peroxo complex, yielded from molecular oxygen and not supported by 
a redox-active ligand, has not been reported. In addition, characterization of 20 
helps understand the pathways in CVD/ALD of metal oxide materials. Peroxo Zr 
complexes are rare.2,15,16 Abu-Omar and coworkers recently reported the 
preparation and structure of the bisperoxo complex 22 (Scheme 3.9) containing 
two redox-active diimine ligands.2 The redox-active diimine ligands each donate 
2e to O2 to give the peroxo ligands. In the peroxo complex 20, there is no redox-
active ligand to support the complex (Scheme 3.3). In the formation of 20, the 
anionic amide ligands NMe2 in 10 are apparently oxidized to radicals NMe2. 
Several studies have demonstrated that, once NMe2 radicals are formed, their 
reactions lead to the formation of HNMe2 and CH2(NMe2)2 (19) involving 
 
 
N
N
Ar
Zr
Ar N
N
Ar
Ar O2 N N Ar
Zr
Ar
N
N
Ar
Ar
O
O
O
O
22  
Scheme 3.9. Synthesis of a Zr peroxo complex 22 with two redox-active ligands.2 
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intermediates such as CH3, CH2=NH, H, CH3N=CH2, and (CH3)2N-CH2.13a,b 
Such a pathway may operate in the current reaction of 10 with O2, giving 
CH2(NMe2)2 (19) and HNMe2. 
 Kortz and coworkers have reported a family of dimeric, peroxo-containing 
heteropolytungstates [M2(O2)2(XW11O39)2]12- (M = Zr, X = Si, 23; Ge, 24; M = Hf, 
X = Si) through the reactions reacting ZrCl4/HfCl4 with [XW11O39]8-, followed by 
treatment with H2O2.15 The exchanges of the oxo O2- ligands with peroxide (O22-) 
lead to the peroxo ligands in the products. Leung and coworkers found that the 
reaction of Zr(OtBu)4 with phosphinic amine iPr2P(=O)-NH-P(=O)iPr2 in THF 
yielded the di--peroxo complex {Zr[N(iPr2PO)2]2}2(-2:2-O2)2 (25, Chart 3.1), 
although the authors do not know how the complex is formed and what led to the 
peroxo ligands.16 
The crystal structure of {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) is given in 
Figure 3.7 and its crystal data are given in Tables 3.1-3.5. The Zr atoms are 
linked by the peroxo ligands that bind to the metals in the 2:2 mode. The three 
 
 
 
Chart 3.1. Structure of {Zr[N(iPr2PO)2]2}2(-2:2-O2)2 (25).16 
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Figure 3.7. ORTEP view of 20. 
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Table 3.1. Crystal data and structure refinement for 20 
Empirical formula  C48 H102 N12 O6 Zr3 
Formula weight  1217.08 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 23.4504(4) Å  = 90° 
 b = 13.3481(2) Å  = 103.2850(10)° 
 c = 20.7646(3) Å  = 90° 
Volume 6325.76(17) Å3 
Z 4 
Density (calculated) 1.278 Mg/m3 
Absorption coefficient 0.535 mm-1 
F(000) 2568 
Crystal size 0.10 x 0.05 x 0.02 mm3 
 range for data collection 0.89 to 29.59° 
Index ranges -32  h  32, -18  k  18, -28  l  28 
Reflections collected 87696 
Independent reflections 17768 [R(int) = 0.0304] 
Completeness to  = 29.59° 99.8%  
Absorption correction Semi-empirical from equivalents 
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Table 3.1. Continued 
Max. and min. transmission 0.9894 and 0.9485 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17768 / 0 / 652 
Goodness-of-fit on F2 1.054 
Final R indices [I > 2 (I)] R1 = 0.0259, wR2 = 0.0628 
R indices (all data) R1 = 0.0355, wR2 = 0.0660 
Largest diff. peak and hole 0.485 and -0.355 e.Å-3 
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Table 3.2. Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2 x 103) for 20. U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________ 
O(1) 1729(1) -577(1) 2239(1) 15(1) 
O(2) 1671(1) 44(1) 1615(1) 14(1) 
O(3) 2442(1) 1137(1) 3008(1) 15(1) 
O(4) 2438(1) 1713(1) 2378(1) 16(1) 
O(6) 2983(1) -57(1) 1811(1) 16(1) 
O(5) 3051(1) -573(1) 2474(1) 16(1) 
Zr(1) 1583(1) 1025(1) 2387(1) 11(1) 
Zr(3) 2323(1) -1165(1) 1703(1) 11(1) 
Zr(2) 3255(1) 967(1) 2657(1) 12(1) 
N(4) 1216(1) 2105(1) 1528(1) 15(1) 
N(6) 3693(1) 2029(1) 3461(1) 17(1) 
N(9) 1618(1) -1920(1) 932(1) 15(1) 
N(7) 4126(1) 839(1) 2379(1) 18(1) 
N(2) 1337(1) 500(1) 3344(1) 16(1) 
N(1) 668(1) 534(1) 2393(1) 17(1) 
N(11) 2919(1) -2469(1) 1660(1) 17(1) 
N(10) 2244(1) -900(1) 598(1) 16(1) 
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Table 3.2. Continued 
________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________ 
N(8) 3507(1) 2016(1) 1889(1) 16(1) 
N(3) 1300(1) 2587(1) 2568(1) 17(1) 
N(5) 3645(1) 422(1) 3725(1) 17(1) 
N(12) 2368(1) -2511(1) 2397(1) 16(1) 
C(4) 3993(1) 1497(1) 1889(1) 19(1) 
C(6) 1742(1) -1406(1) 435(1) 17(1) 
C(2) 1231(1) 2873(1) 1942(1) 16(1) 
C(3) 3751(1) 1357(1) 3944(1) 18(1) 
C(1) 798(1) 243(1) 3021(1) 17(1) 
C(5) 2819(1) -2908(1) 2198(1) 18(1) 
C(8) 3377(1) -1342(1) 3823(1) 22(1) 
C(9) 4272(1) -662(1) 4590(1) 29(1) 
C(7) 3652(1) -411(1) 4191(1) 20(1) 
C(11) 1299(1) 813(1) 4519(1) 26(1) 
C(10) 1566(1) 199(1) 4036(1) 19(1) 
C(12) 2228(1) 299(1) 4227(1) 24(1) 
C(13) 2206(1) -2877(1) 3001(1) 18(1) 
C(15) 1922(1) -3922(1) 2899(1) 25(1) 
C(14) 1791(1) -2145(1) 3222(1) 20(1) 
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Table 3.2. Continued 
________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________ 
C(17) 2699(1) -902(1) -370(1) 28(1) 
C(16) 2437(1) -273(1) 107(1) 20(1) 
C(19) 866(1) -2582(1) 1462(1) 27(1) 
C(18) 1095(1) -2551(1) 839(1) 25(1) 
C(20) 3283(1) 2757(1) 1368(1) 19(1) 
C(21) 3645(1) 3729(1) 1465(1) 25(1) 
C(22) 2645(1) 3005(1) 1341(1) 26(1) 
C(25) 505(1) 2573(1) 483(1) 26(1) 
C(24) 1318(1) 1360(1) 476(1) 24(1) 
C(23) 1140(1) 2282(1) 812(1) 18(1) 
C(26) 3897(1) 3056(1) 3580(1) 21(1) 
C(28) 3409(1) 3788(1) 3310(1) 35(1) 
C(27) 4425(1) 3225(2) 3280(1) 33(1) 
C(29) 2883(1) 502(1) 442(1) 26(1) 
C(31) 753(1) 3002(1) 3394(1) 28(1) 
C(30) 1275(1) 3276(1) 3108(1) 24(1) 
C(32) 1848(1) 3235(2) 3634(1) 36(1) 
C(34) 127(1) 117(1) 1276(1) 23(1) 
C(33) 83(1) 446(1) 1965(1) 22(1) 
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Table 3.2. Continued 
________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________ 
C(35) -237(1) 1452(2) 1939(1) 36(1) 
C(36) 3328(1) -2886(1) 1293(1) 25(1) 
C(38) 3740(1) -2081(2) 1152(1) 36(1) 
C(37) 2981(1) -3379(2) 661(1) 37(1) 
C(41) 5176(1) 742(2) 2873(2) 71(1) 
C(40) 4545(1) -774(1) 2808(1) 28(1) 
C(39) 4645(1) 200(1) 2472(1) 28(1) 
C(42) 1228(1) -3600(2) 642(1) 67(1) 
C(43) 3200(1) -3741(1) 2555(1) 30(1) 
C(44) 4345(1) 1604(2) 1367(1) 31(1) 
C(46) 1217(1) 3963(1) 1738(1) 24(1) 
C(45) 370(1) -343(1) 3322(1) 29(1) 
C(47) 1327(1) -1372(1) -244(1) 27(1) 
C(48) 3895(1) 1654(1) 4670(1) 30(1) 
________________________________________________________________ 
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Table 3.3. Bond lengths (Å) in 20 
________________________________________________________________  
O(1)-O(2)  1.5172(13)  O(1)-Zr(3)  2.1239(10) 
O(1)-Zr(1)  2.1992(10) O(2)-Zr(1)  2.1162(10) 
O(2)-Zr(3)  2.2014(10) O(3)-O(4)  1.5147(13) 
O(3)-Zr(1)  2.1320(10) O(3)-Zr(2)  2.2038(10) 
O(4)-Zr(2)  2.1179(10) O(4)-Zr(1)  2.2082(10) 
O(6)-O(5)  1.5150(13) O(6)-Zr(3)  2.1148(10) 
O(6)-Zr(2)  2.2007(10) O(5)-Zr(2)  2.1242(10) 
O(5)-Zr(3)  2.2026(10) Zr(1)-N(3)  2.2450(12) 
Zr(1)-N(1)  2.2462(12) Zr(1)-N(4)  2.3003(12) 
Zr(1)-N(2)  2.3021(11) Zr(3)-N(11)  2.2468(12) 
Zr(3)-N(9)  2.2574(12) Zr(3)-N(10)  2.2860(11) 
Zr(3)-N(12)  2.2910(12) Zr(2)-N(6)  2.2508(12) 
Zr(2)-N(7)  2.2536(12) Zr(2)-N(8)  2.2986(12) 
Zr(2)-N(5)  2.3141(12) N(4)-C(2)  1.3341(19) 
N(4)-C(23)  1.4748(17) N(6)-C(3)  1.3291(19) 
N(6)-C(26)  1.4551(19) N(9)-C(6)  1.3278(18) 
N(9)-C(18)  1.4630(19) N(7)-C(4)  1.325(2) 
N(7)-C(39)  1.4622(19) N(2)-C(1)  1.3331(18) 
N(2)-C(10)  1.4700(18) N(1)-C(1)  1.3272(18) 
N(1)-C(33)  1.4591(18) N(11)-C(5)  1.3288(19) 
N(11)-C(36)  1.4657(18) N(10)-C(6)  1.3327(19) 
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Table 3.3. Continued 
________________________________________________________________  
N(10)-C(16)  1.4681(18) N(8)-C(4)  1.3348(19) 
N(8)-C(20)  1.4710(19) N(3)-C(2)  1.3294(18) 
N(3)-C(30)  1.4612(19) N(5)-C(3)  1.332(2) 
N(5)-C(7)  1.4714(19) N(12)-C(5)  1.3317(19) 
N(12)-C(13)  1.4736(18) C(4)-C(44)  1.514(2) 
C(6)-C(47)  1.517(2) C(2)-C(46)  1.512(2) 
C(3)-C(48)  1.520(2) C(1)-C(45)  1.515(2) 
C(5)-C(43)  1.511(2) C(8)-C(7)  1.523(2) 
C(9)-C(7)  1.537(2) C(11)-C(10)  1.535(2) 
C(10)-C(12)  1.518(2) C(13)-C(14)  1.522(2) 
C(13)-C(15)  1.539(2) C(17)-C(16)  1.531(2) 
C(16)-C(29)  1.521(2) C(19)-C(18)  1.511(2) 
C(18)-C(42)  1.510(3) C(20)-C(22)  1.521(2) 
C(20)-C(21)  1.538(2) C(25)-C(23)  1.538(2) 
C(24)-C(23)  1.521(2) C(26)-C(28)  1.512(2) 
C(26)-C(27)  1.525(2) C(31)-C(30)  1.522(2) 
C(30)-C(32)  1.524(2) C(34)-C(33)  1.523(2) 
C(33)-C(35)  1.533(3) C(36)-C(38)  1.518(3) 
C(36)-C(37)  1.525(2) C(41)-C(39)  1.513(3) 
C(40)-C(39)  1.518(2) 
Symmetry transformations used to generate equivalent atoms: 
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Table 3.4. Bond angles (o) in 20 
________________________________________________________________  
O(2)-O(1)-Zr(3) 72.23(5) O(2)-O(1)-Zr(1) 66.51(5) 
Zr(3)-O(1)-Zr(1) 125.06(5) O(1)-O(2)-Zr(1) 72.38(5) 
O(1)-O(2)-Zr(3) 66.75(5) Zr(1)-O(2)-Zr(3) 125.34(4) 
O(4)-O(3)-Zr(1) 72.30(5) O(4)-O(3)-Zr(2) 66.47(5) 
Zr(1)-O(3)-Zr(2) 124.13(4) O(3)-O(4)-Zr(2) 72.56(5) 
O(3)-O(4)-Zr(1) 66.90(5) Zr(2)-O(4)-Zr(1) 124.61(5) 
O(5)-O(6)-Zr(3) 72.60(5) O(5)-O(6)-Zr(2) 66.80(5) 
Zr(3)-O(6)-Zr(2) 126.15(4) O(6)-O(5)-Zr(2) 72.23(6) 
O(6)-O(5)-Zr(3) 66.38(5) Zr(2)-O(5)-Zr(3) 125.57(5) 
O(2)-Zr(1)-O(3) 104.96(4) O(2)-Zr(1)-O(1) 41.11(3) 
O(3)-Zr(1)-O(1) 89.84(4) O(2)-Zr(1)-O(4) 90.24(4) 
O(3)-Zr(1)-O(4) 40.80(4) O(1)-Zr(1)-O(4) 103.45(4) 
O(2)-Zr(1)-N(3) 141.79(4) O(3)-Zr(1)-N(3) 96.20(4) 
O(1)-Zr(1)-N(3) 171.08(4) O(4)-Zr(1)-N(3) 85.38(4) 
O(2)-Zr(1)-N(1) 94.76(4) O(3)-Zr(1)-N(1) 141.96(4) 
O(1)-Zr(1)-N(1) 84.02(4) O(4)-Zr(1)-N(1) 172.43(4) 
N(3)-Zr(1)-N(1) 87.19(5) O(2)-Zr(1)-N(4) 83.39(4) 
O(3)-Zr(1)-N(4) 123.91(4) O(1)-Zr(1)-N(4) 122.90(4) 
O(4)-Zr(1)-N(4) 84.94(4) N(3)-Zr(1)-N(4) 58.43(4) 
N(1)-Zr(1)-N(4) 89.99(4) O(2)-Zr(1)-N(2) 123.54(4) 
O(3)-Zr(1)-N(2) 83.59(4) O(1)-Zr(1)-N(2) 84.39(4) 
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Table 3.4. Continued 
________________________________________________________________  
O(4)-Zr(1)-N(2) 122.78(4) N(3)-Zr(1)-N(2) 89.74(4) 
N(1)-Zr(1)-N(2) 58.48(4) N(4)-Zr(1)-N(2) 137.46(4) 
O(6)-Zr(3)-O(1) 103.76(4) O(6)-Zr(3)-O(2) 88.45(4) 
O(1)-Zr(3)-O(2) 41.02(3) O(6)-Zr(3)-O(5) 41.02(4) 
O(1)-Zr(3)-O(5) 88.77(4) O(2)-Zr(3)-O(5) 101.78(4) 
O(6)-Zr(3)-N(11) 95.72(4) O(1)-Zr(3)-N(11) 142.74(4) 
O(2)-Zr(3)-N(11) 172.37(4) O(5)-Zr(3)-N(11) 85.50(4) 
O(6)-Zr(3)-N(9) 141.90(4) O(1)-Zr(3)-N(9) 94.25(4) 
O(2)-Zr(3)-N(9) 83.53(4) O(5)-Zr(3)-N(9) 174.42(4) 
N(11)-Zr(3)-N(9) 89.27(4) O(6)-Zr(3)-N(10) 83.51(4) 
O(1)-Zr(3)-N(10) 123.85(4) O(2)-Zr(3)-N(10) 84.79(4) 
O(5)-Zr(3)-N(10) 123.01(4) N(11)-Zr(3)-N(10) 89.33(4) 
N(9)-Zr(3)-N(10) 58.74(4) O(6)-Zr(3)-N(12) 123.71(4) 
O(1)-Zr(3)-N(12) 84.25(4) O(2)-Zr(3)-N(12) 123.83(4) 
O(5)-Zr(3)-N(12) 84.70(4) N(11)-Zr(3)-N(12) 58.58(4) 
N(9)-Zr(3)-N(12) 90.92(4) N(10)-Zr(3)-N(12) 137.31(4) 
O(4)-Zr(2)-O(5) 104.74(4) O(4)-Zr(2)-O(6) 89.79(4) 
O(5)-Zr(2)-O(6) 40.96(4) O(4)-Zr(2)-O(3) 40.97(3) 
O(5)-Zr(2)-O(3) 89.03(4) O(6)-Zr(2)-O(3) 102.37(4) 
O(4)-Zr(2)-N(6) 97.83(4) O(5)-Zr(2)-N(6) 141.93(4) 
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Table 3.4. Continued 
________________________________________________________________  
O(6)-Zr(2)-N(6) 169.21(4)  O(3)-Zr(2)-N(6) 88.36(4) 
O(4)-Zr(2)-N(7) 141.47(4) O(5)-Zr(2)-N(7) 93.46(4) 
O(6)-Zr(2)-N(7) 82.07(4) O(3)-Zr(2)-N(7) 175.31(4) 
N(6)-Zr(2)-N(7) 87.22(4) O(4)-Zr(2)-N(8) 83.40(4) 
O(5)-Zr(2)-N(8) 123.29(4) O(6)-Zr(2)-N(8) 84.18(4) 
O(3)-Zr(2)-N(8) 123.13(4) N(6)-Zr(2)-N(8) 89.10(4) 
N(7)-Zr(2)-N(8) 58.40(4) O(4)-Zr(2)-N(5) 122.92(4) 
O(5)-Zr(2)-N(5) 83.69(4) O(6)-Zr(2)-N(5) 123.23(4) 
O(3)-Zr(2)-N(5) 84.10(4) N(6)-Zr(2)-N(5) 58.27(4) 
N(7)-Zr(2)-N(5) 92.22(4) N(8)-Zr(2)-N(5) 138.40(4) 
C(2)-N(4)-C(23) 120.35(12) C(2)-N(4)-Zr(1) 91.86(8) 
C(23)-N(4)-Zr(1) 144.99(10) C(3)-N(6)-C(26) 122.30(12) 
C(3)-N(6)-Zr(2) 94.91(9) C(26)-N(6)-Zr(2) 142.78(10) 
C(6)-N(9)-C(18) 121.47(12) C(6)-N(9)-Zr(3) 93.69(9) 
C(18)-N(9)-Zr(3) 143.71(9) C(4)-N(7)-C(39) 121.99(13) 
C(4)-N(7)-Zr(2) 94.53(9) C(39)-N(7)-Zr(2) 141.87(10) 
C(1)-N(2)-C(10) 120.80(12) C(1)-N(2)-Zr(1) 92.35(8) 
C(10)-N(2)-Zr(1) 145.09(9) C(1)-N(1)-C(33) 123.09(12) 
C(1)-N(1)-Zr(1) 95.02(9) C(33)-N(1)-Zr(1) 141.87(10) 
C(5)-N(11)-C(36) 122.22(13) C(5)-N(11)-Zr(3) 94.38(9) 
C(36)-N(11)-Zr(3) 143.36(10) C(6)-N(10)-C(16) 120.52(12) 
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Table 3.4. Continued 
________________________________________________________________  
C(6)-N(10)-Zr(3) 92.28(8) C(16)-N(10)-Zr(3) 144.90(10) 
C(4)-N(8)-C(20) 120.62(12) C(4)-N(8)-Zr(2) 92.25(9) 
C(20)-N(8)-Zr(2) 144.58(9) C(2)-N(3)-C(30) 123.49(13) 
C(2)-N(3)-Zr(1) 94.44(9) C(30)-N(3)-Zr(1) 141.11(10) 
C(3)-N(5)-C(7) 120.66(12) C(3)-N(5)-Zr(2) 91.99(9) 
C(7)-N(5)-Zr(2) 144.07(9) C(5)-N(12)-C(13) 120.73(12) 
C(5)-N(12)-Zr(3) 92.33(9) C(13)-N(12)-Zr(3) 144.32(10) 
N(7)-C(4)-N(8) 113.24(13) N(7)-C(4)-C(44) 122.81(14) 
N(8)-C(4)-C(44) 123.88(14) N(9)-C(6)-N(10) 113.78(12) 
N(9)-C(6)-C(47) 122.00(13) N(10)-C(6)-C(47) 124.15(13) 
N(3)-C(2)-N(4) 112.84(13) N(3)-C(2)-C(46) 122.71(14) 
N(4)-C(2)-C(46) 124.30(13) N(6)-C(3)-N(5) 113.29(13) 
N(6)-C(3)-C(48) 122.25(14) N(5)-C(3)-C(48) 124.39(14) 
N(1)-C(1)-N(2) 113.30(12) N(1)-C(1)-C(45) 122.16(13) 
N(2)-C(1)-C(45) 124.52(13) N(11)-C(5)-N(12) 113.14(13) 
N(11)-C(5)-C(43) 122.53(13) N(12)-C(5)-C(43) 124.27(14) 
N(5)-C(7)-C(8) 110.32(12) N(5)-C(7)-C(9) 112.61(12) 
C(8)-C(7)-C(9) 109.35(14) N(2)-C(10)-C(12) 110.61(12) 
N(2)-C(10)-C(11) 112.43(12) C(12)-C(10)-C(11) 109.18(13) 
N(12)-C(13)-C(14) 110.50(12) N(12)-C(13)-C(15) 111.83(12) 
C(14)-C(13)-C(15) 109.78(13) N(10)-C(16)-C(29) 111.04(12) 
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Table 3.4. Continued 
________________________________________________________________  
N(10)-C(16)-C(17) 111.79(13) C(29)-C(16)-C(17) 109.48(13) 
N(9)-C(18)-C(42) 110.48(15) N(9)-C(18)-C(19) 110.76(13) 
C(42)-C(18)-C(19) 110.07(16) N(8)-C(20)-C(22) 110.73(12) 
N(8)-C(20)-C(21) 112.27(12) C(22)-C(20)-C(21) 109.21(14) 
N(4)-C(23)-C(24) 110.54(12) N(4)-C(23)-C(25) 111.71(12) 
C(24)-C(23)-C(25) 109.94(13) N(6)-C(26)-C(28) 110.73(13) 
N(6)-C(26)-C(27) 109.61(13) C(28)-C(26)-C(27) 111.70(15) 
N(3)-C(30)-C(31) 109.02(13) N(3)-C(30)-C(32) 110.05(13) 
C(31)-C(30)-C(32) 111.58(14) N(1)-C(33)-C(34) 109.70(12) 
N(1)-C(33)-C(35) 109.60(14) C(34)-C(33)-C(35) 110.95(14) 
N(11)-C(36)-C(38) 110.70(14) N(11)-C(36)-C(37) 109.07(13) 
C(38)-C(36)-C(37) 112.16(14) N(7)-C(39)-C(41) 110.42(16) 
N(7)-C(39)-C(40) 110.35(13) C(41)-C(39)-C(40) 110.56(17) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table 3.5. Anisotropic displacement parameters (Å
2 x 10
3
) for 20.  The 
anisotropic displacement factor exponent takes the form: -2π[h2a*2U11 +…+ 
2ha*b*U12] 
________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________ 
O(1) 19(1)  13(1) 13(1)  4(1) 5(1)  1(1) 
O(2) 19(1)  14(1) 12(1)  3(1) 4(1)  2(1) 
O(3) 16(1)  17(1) 13(1)  3(1) 5(1)  0(1) 
O(4) 16(1)  16(1) 16(1)  4(1) 6(1)  0(1) 
O(6) 19(1)  16(1) 12(1)  2(1) 4(1)  -1(1) 
O(5) 18(1)  16(1) 13(1)  2(1) 3(1)  0(1) 
Zr(1) 11(1)  10(1) 12(1)  0(1) 3(1)  1(1) 
Zr(3) 13(1)  10(1) 11(1)  -1(1) 3(1)  0(1) 
Zr(2) 10(1)  12(1) 12(1)  -1(1) 2(1)  -1(1) 
N(4) 15(1)  15(1) 15(1)  3(1) 3(1)  2(1) 
N(6) 18(1)  15(1) 17(1)  -2(1) 2(1)  -3(1) 
N(9) 17(1)  14(1) 15(1)  -3(1) 3(1)  -2(1) 
N(7) 13(1)  19(1) 24(1)  -1(1) 6(1)  1(1) 
N(2) 17(1)  16(1) 15(1)  0(1) 5(1)  1(1) 
N(1) 13(1)  19(1) 19(1)  1(1) 4(1)  -1(1) 
N(11) 19(1)  15(1) 18(1)  -2(1) 6(1)  4(1) 
N(10) 20(1)  16(1) 12(1)  0(1) 5(1)  -1(1) 
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Table 3.5. Continued 
________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________ 
N(8) 17(1)  15(1) 18(1)  1(1) 6(1)  -2(1) 
N(3) 21(1)  13(1) 19(1)  -1(1) 7(1)  3(1) 
N(5) 16(1)  16(1) 16(1)  2(1) 1(1)  -2(1) 
N(12) 21(1)  13(1) 15(1)  0(1) 5(1)  0(1) 
C(4) 18(1)  19(1) 22(1)  -4(1) 8(1)  -5(1) 
C(6) 19(1)  17(1) 14(1)  -3(1) 3(1)  2(1) 
C(2) 11(1)  15(1) 24(1)  2(1) 5(1)  2(1) 
C(3) 16(1)  20(1) 17(1)  -2(1) 2(1)  -3(1) 
C(1) 18(1)  15(1) 21(1)  0(1) 10(1)  0(1) 
C(5) 22(1)  13(1) 18(1)  -2(1) 2(1)  2(1) 
C(8) 23(1)  18(1) 23(1)  4(1) 2(1)  -1(1) 
C(9) 24(1)  31(1) 26(1)  9(1) -4(1)  -1(1) 
C(7) 20(1)  19(1) 19(1)  4(1) 2(1)  -1(1) 
C(11) 34(1)  27(1) 19(1)  -1(1) 11(1)  5(1) 
C(10) 24(1)  18(1) 16(1)  1(1) 7(1)  2(1) 
C(12) 26(1)  28(1) 17(1)  2(1) 3(1)  4(1) 
C(13) 25(1)  13(1) 16(1)  2(1) 5(1)  -1(1) 
C(15) 34(1)  17(1) 25(1)  3(1) 6(1)  -5(1) 
C(14) 26(1)  18(1) 19(1)  1(1) 9(1)  -1(1) 
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Table 3.5. Continued 
________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________ 
C(17) 34(1)  32(1) 19(1)  -4(1) 12(1)  -3(1) 
C(16) 26(1)  21(1) 14(1)  0(1) 7(1)  -2(1) 
C(19) 24(1)  26(1) 32(1)  2(1) 10(1)  -3(1) 
C(18) 24(1)  31(1) 20(1)  -2(1) 2(1)  -12(1) 
C(20) 21(1)  19(1) 18(1)  3(1) 5(1)  -3(1) 
C(21) 29(1)  20(1) 29(1)  3(1) 8(1)  -7(1) 
C(22) 22(1)  27(1) 29(1)  13(1) 3(1)  -1(1) 
C(25) 22(1)  29(1) 23(1)  9(1) 0(1)  2(1) 
C(24) 31(1)  26(1) 14(1)  2(1) 5(1)  3(1) 
C(23) 18(1)  20(1) 16(1)  6(1) 2(1)  0(1) 
C(26) 25(1)  16(1) 20(1)  -2(1) 3(1)  -6(1) 
C(28) 37(1)  18(1) 48(1)  0(1) 5(1)  2(1) 
C(27) 31(1)  31(1) 40(1)  -7(1) 11(1)  -17(1) 
C(29) 34(1)  25(1) 21(1)  2(1) 11(1)  -8(1) 
C(31) 34(1)  28(1) 27(1)  -1(1) 14(1)  13(1) 
C(30) 31(1)  15(1) 26(1)  -3(1) 10(1)  4(1) 
C(32) 34(1)  41(1) 34(1)  -18(1) 8(1)  -10(1) 
C(34) 22(1)  23(1) 23(1)  1(1) 1(1)  -3(1) 
C(33) 13(1)  29(1) 23(1)  3(1) 2(1)  -4(1) 
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Table 3.5. Continued 
________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________ 
C(35) 20(1)  51(1) 33(1)  -9(1) 0(1)  12(1) 
C(36) 26(1)  28(1) 24(1)  0(1) 10(1)  12(1) 
C(38) 25(1)  50(1) 36(1)  -2(1) 14(1)  1(1) 
C(37) 49(1)  33(1) 33(1)  -12(1) 19(1)  4(1) 
C(41) 17(1)  31(1) 151(3)  8(2) -13(1)  -1(1) 
C(40) 21(1)  26(1) 37(1)  3(1) 7(1)  5(1) 
C(39) 18(1)  24(1) 45(1)  5(1) 13(1)  6(1) 
C(42) 98(2)  39(1) 86(2)  -40(1) 66(2)  -41(1) 
C(43) 36(1)  28(1) 28(1)  9(1) 10(1)  15(1) 
C(44) 30(1)  33(1) 37(1)  2(1) 22(1)  1(1) 
C(46) 25(1)  16(1) 31(1)  5(1) 7(1)  3(1) 
C(45) 26(1)  35(1) 27(1)  3(1) 10(1)  -9(1) 
C(47) 24(1)  38(1) 15(1)  1(1) 0(1)  -2(1) 
C(48) 44(1)  26(1) 18(1)  -3(1) 4(1)  -10(1) 
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O-O bond lengths of 1.5147(13)-1.5172(13) Å in 20 are similar to 1.504(4)-
1.512(4) Å in 22 stabilized by redox-active ligands,2 and those in 
[M2(O2)2(XW11O39)2]12- [X = Si, 23, 1.491(11) Å; Ge, 24, 1.529(13) Å],15 but are 
longer than 1.394(4) and 1.401(4) Å in 25.16 The Zr-O bond lengths of 
2.1148(10)-2.2038(10) Å in 20 are longer than 2.027(3)-2.038(3) Å in 22,2 but are 
similar to 2.145(3)−2.177(3) Å in 25.16  
MS characterization of {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) gave a 
spectrum consistent with the dimeric peroxo complex {(-O2)Zr[MeC(NiPr)2]2}2 
(21) with an m/z = 809.26 [21+H+]. The MS spectrum is given in Figure 3.8 along 
with the predicted spectrum. Zr is an element with five stable isotopes (90Zr, 91Zr, 
92Zr, 94Zr, 96Zr), as shown in Table 2.1. Mass spectra of Zr compounds 
containing, e.g., one and two Zr atoms thus each show unique isotopic patterns. 
The identification of 21 is based on the isotopic pattern. The observation of 21 
indicates that, during the MS process, the trimeric peroxo 20 is likely converted to 
the dimeric peroxo 21.  
We have found that 20 reacts with 10 to give the oxo dimer {(-
O)Zr[MeC(NiPr)2]2}2 (14), polymer 17, HNMe2 and CH2(NMe2)2 (19). When the 
crystals of 20, which were mixed with solids of unreacted Zr[MeC(NiPr)2]2(NMe2)2 
(10), were dissolved with benzene-d6 at 23 C, only 10, oxo dimer 14, solid of 17, 
HNMe2 and CH2(NMe2)2 (19) were observed. 20 was also prepared from the 
reaction of 8 with Na2O2. The reaction was carried out in THF at 50 C for 24 h, 
and 8 was found to have fully reacted. After volatiles were removed, extraction 
with pentane give the peroxo 20 and it was characterized by 1H and 13C{1H} NMR 
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Figure 3.8. (Top) Calculated and (Bottom) Observed MS of [21+H+].  
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spectroscopy. The solid residue after the pentane extraction was then extracted 
with H2O, and the residue was found to contain 87% of 2 equiv of Cl ions, as a 
test using AgNO3 showed. This observation, indicating that both chloride ligands 
in 8 have been replaced by O22, is consistent with the formation of 20. When 10 
was added to a solution of peroxo 20 prepared from 8 and Na2O2, the oxo dimer 
{(-O)Zr[MeC(NiPr)2]2}2 (14), polymer 17, HNMe2 and CH2(NMe2)2 (19) were 
observed (Scheme 3.10). This reactivity is consistent with that of the crystals of 
20 prepared from the reaction of 10 with O2 at -35 C. In a control experiment, 
Na2O2 was added to a solution of 10 and heated at 55 C for 48 h and no 
reaction occurred.  
 We then prepared high purity H2O2 by evacuating 20 mL of 30% aqueous 
H2O2 solution at 23 C until the volume of the solution was ca. 2 mL. Since 
boiling points of H2O2 and water are 150.2 and 100 C, respectively, water was 
expected to be preferentially removed during the process. Such an approach has 
been used to obtain high purity H2O2 and D2O2.17 One equiv of the high purity 
H2O2 was added to a THF solution of 10. Again, oxo dimer 14 was observed, 
along with unreacted 10 and an insoluble solid presumably to be 17. 
Reaction of the high purity H2O2 with solid 10 was also studied. Liquid 
H2O2 was added directly on powders of 10. This was an attempt to minimize the 
contact of the product, peroxo 20, with the unreacted 10 by not using a solvent. 
As soon as the liquid H2O2 was added via syringe to the powders of 10, a spark 
with smoke occurred. This observation suggests that 20 is very reactive in the 
presence of 10 (Scheme 3.10).  
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Scheme 3.10. Preparation of 20. Trace water in high purity H2O2 may also lead to the formation of 14. 
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3.2.5. Mass Spectrometric Studies of the Reactions between 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12)  and H2O in Air 
Loading samples for use in mass spectrometers usually requires the 
sample to be exposed to air. For air-sensitive compounds this may pose a 
problem, unless the mass spectrometers are equipped with an inert gas 
apparatus. 
Since the reactions of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with O2 
or water have been studied, it is of interest to see what products would be 
detected in MS from the reactions. In MS, there is a brief exposure time for the 
sample to enter into the gas phase. The exposure to O2 was not of concern 
because it takes days for 10 or 12 to react with O2. Since Zr has five stable 
isotopes (90Zr, 91Zr, 92Zr, 94Zr, and 96Zr; Table 2.1), and thus a unique isotopic 
pattern. It is easy to determine whether a compound has one Zr atom or two Zr 
atoms because their MS patterns are different.  
     Solid powders of 10 or 12 were kept in a sealed vial under nitrogen until 
the MS analysis by a JEOL AccuTOF™ DART (Direct Analysis in Real Time) 
mass spectrometer was heated to 200 C. The powders were collected on the 
sealed end of a capillary tube and added quickly to the heated stream of He gas 
in air. Compounds 10 or 12 reacted with H2O in air and the volatile products 
[M+H+] (species+H+) were then analyzed by MS. 
Since the reactions of both 10 and 12 with water give the same products, 
it was not surprising that the same products are observed in MS. The MS 
analyzer detected three zirconium and oxygen containing products: oxo 
117 
 
monomer 13, oxo dimer 14, and a dihydroxyl complex 18 as shown in Scheme 
3.11. The calculated mass for [13+H+] is 389.18579 m/z, and the cation was 
observed at 389.18249 m/z. The calculated and observed isotopic patterns for 
[13+H+] are given in Figure 3.9. One possible pathway for the formation of 13 is 
dehydration of 18 (Scheme 3.11). The calculated mass for [18+H+] is 407.19635 
m/z, and the cation was observed at 407.19077 m/z. The calculated and 
observed isotopic patterns for [18+H+] are shown in Figure 3.10. The calculated 
mass for [14+H+] is 777.36375 m/z, and the cation was observed at 777.37085 
m/z. The calculated and observed isotopic patterns for [14+H+], a two Zr atoms 
complex, are shown in Figure 3.11. 
 
3.2.6. Characterization and Stability of {(-O)Zr[MeC(NiPr)2]2}n (17) 
17 does not dissolve in benzene-d6, DMF, Et2O, hexanes, methanol, 
pentane, THF, or toluene-d8.  The characterization of 17 was based on elemental 
analysis, IR, and solid-state 13C NMR.  IR spectrum of 17 in a KBr pellet (Figure 
3.12) revealed a peak at 1641 cm-1, and this peak was assigned to the C=N 
stretch, as the stretching frequencies of C=N are in the range of 1690-1640 cm-
1.18 Solid Solid-state 13C NMR spectrum of 17 (Figure 3.13) shows peaks at 
14.19 ppm for NC(Me)N, 23.27 ppm for -CHMe2, 46.34 ppm for -CHMe2, and 
152.35 ppm for NC(Me)N. Raman spectroscopy was used in an attempt to 
characterize the Zr-O bonds but due to florescence of the sample no signals was 
observed in the Raman spectrum. Also, a powder X-ray study of the sample did 
not give a diffraction pattern, probably due to the lack of crystallinity of 17. Mass 
118 
 
 
 
Scheme 3.11. Observed species by mass spectroscopy in the reactions of Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) 
with water in air. 
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Figure 3.9. (Top) Calculated and (Bottom) Observed MS for [13+H+]. 
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Figure 3.10. (Top) Calculated and (Bottom) Observed MS for [18+H+]. 
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Figure 3.11. (Top) Calculated and (Bottom) Observed MS for [14+H+]. 
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spectroscopy was also used in several attempts to characterize 17 using different 
ionizing sources: direct analysis in real time (DART, at 200 C, 300 C and 400 
C), electrospray ionization (ESI) and matrix-assisted laser desorption ionization 
time-of-flight (MALDI). However, no Zr isotopic patterns were observed in the MS 
spectra. 
Three tests were performed to determine the stability of the polymer 
product. The first test was to add a solvent that could donate a proton and 
possibly protonate the amidinate ligand. Methonal was chosen as the solvent, 
and it was added to 17 in benzene-d6 and monitored by 1H NMR. Spectra were 
collected at 5 min and then 12, 24 and 96 h. There was no change in the 1H 
NMR spectra. We also did not observe the amidine iPrN(H)C(Me)=NiPr (7), the 
protonated ligand. 
A thermal gravametric analysis (TGA) was performed to see if the 
amidinate ligand could be removed. At 900 C, the removal of one amidinate 
ligand was observed by a percent loss of 36.21 (Figure 3.14). Since it requires 
such a high temperature to remove one amidinate ligand, the polymer 17 is 
considered very stable. 
A third test was performed testing the stability of 17 was to make an IR 
pellet of 17 and KBr and expose it to air. IR spectra were recorded before 
exposure and 2 and 16 h after exposure to air. Little change in the C=N 
stretching frequency was observed.    
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Figure 3.12. IR spectrum of 17 in KBr. 
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Figure 3.13. Solid-state 13C NMR spectrum of 17.  
NC(Me)N (17) 
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Figure 3.14. TGA spectrum of 17. 
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3.2.7. Reaction with 12 and O2 with AIBN 
Since the reaction between 12 and O2 (Scheme 3.4) is slow, a radical 
initiator was used to increase the rate of the reaction. The initiator we chose was 
azobisisobutyronitrile (AIBN), it decomposes under heating into two radicals and 
N2, as shown in Scheme 3.12. These radicals are expected to speed up the 
reaction between 12 and O2. In a Young’s tube, AIBN was added to a solution of 
12 in benzene-d6 in a 1:1 molar ratio. O2 at 1 atm was then added by the 
procedure described in Section 3.2.1. The reaction was completed in 2 days at 
72 C. In comparison, without AIBN, the reaction between 12 and O2 took 7 days 
to complete. The observations support that the reaction between 12 and O2 is 
radical in nature. 
 
3.3. Concluding Remarks 
In this part, studies of the reactions between Zr amidinate amides 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) and O2 or water are reported. 
Interestingly, these reactions with O2 or water yielded the same oxo-bridging  
 
 
 
Scheme 3.12. Thermal decomposition of AIBN. 
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compounds 14 and 17. The reactions with H2O are much faster than those with 
O2. Detailed MS studies were also conducted for the characterization of products 
obtained from the reactions with water in air. An unusual Zr peroxo trimer, {(-
2:2-O2)Zr[MeC(NiPr)2]2}3 (20), has been obtained from the reaction of 10 with 
O2 and its crystal structure has been determined. {(-2:2-O2)Zr[MeC(NiPr)2]2}3 
(20) reacts with Zr[MeC(NiPr)2]2(NMe2)2 (10) to give the oxo dimer {(-
O)Zr[MeC(NiPr)2]2}2 (14) and its polymer {(-O)Zr[MeC(NiPr)2]2}n (17). 20 was 
also prepared from the reaction of Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2. A 
quantitative Cl test using AgNO3 indicated that both chloride ligands in 8 were 
replaced in the reaction. 
 
3.4. Experimental Section 
All manipulations were carried out under a dry nitrogen atmosphere with 
the use of either a glovebox or standard Schlenk techniques. All glassware was 
flamed dried under vacuum. Solvents were purified by distillation from a 
potassium benzophenone ketyl. NMR solvents were dried and stored over 5 Å 
molecular sieves. O2 (Airgas) was purified by passing it through a P2O5 column. 
Deionized H2O was degassed and stored in a Schlenk flask. The high purity 
H2O2 was prepared, using an approach similar to those in the literature,17 by 
evacuating 20 mL of an aqueous H2O2 solution (Fischer Scientific, 30% reagent 
grade) at 23 C until the volume of the solution was ca. 2 mL. Na2O2 (Fischer 
Scientific, 99%) was ground with a mortar and pestle before use. AgNO3 (J. T. 
Baker, 99.7%) was used as received. 1H and 13C{1H} NMR spectra were 
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recorded on an AMX-400 FT or Varian VNMRS-500 spectrometer. Solid-state 
NMR spectrum was recorded on a Solid-State Varian INOVA 400 MHz 
spectrometer and referenced to adamantine. Elemental analyses were 
conducted by Complete Analysis Laboritories, Inc., Parsippany, NJ. Mass 
spectra were recorded on a JEOL AccuTOF™ DART Mass Spectrometer. To 
record IR spectra, solid samples were grounded with KBr, which had been dried 
at 100 C and under vacuum, and then pressed into pellets. IR spectra were 
recorded on a Varian 4100 Excalibur. Thermal gravametreic analysis was 
recorded on a Q-50 TGA. 
Caution: Extreme care should be taken in using sodium peroxide and 
hydrogen peroxide in the reactions. A shield should be used for protection. 
 
3.4.1. Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with O2 
 NMR-scale Reactions. In a Young’s tube, 10 (28.9 mg, 0.0626 mmol) was 
dissolved in benezene-d6. The headspace volume in the Young’s tube was 2.6 
mL. The solution was frozen in liquid nitrogen and nitrogen gas was removed in 
vacuo.  O2 (0.5 atm; 0.0626 mmol) was then added. Several 1H NMR spectra 
were taken and after 3 weeks, the disappearance of 10 and the appearance of 
soluble species 14, HNMe2, CH2(NMe2)2 (19) and an insoluble solid 17 had 
occurred. 
 In a separate test, O2 (1 atm; 0.0396 mmol) was added to 10 (18.3 mg, 
0.0396 mmol) in benzene-d6. Volume of the headspace in the Young’s tube was 
2.1 mL. The Young’s tube was heated at 70 C. After about ca. 12 days, the 
129 
 
reaction was quenched in ice water and the 1H NMR spectrum showed the 
disappearance of 10 and appearance of new peaks which corresponds to a oxo-
bridged dimer 14. 1H NMR also revealed two byproducts: HNMe2 (0.125 mg, 
6.99% yield based on NMR) and CH2(NMe2)2 (19, 1.09 mg, 26.9% yield based 
on NMR). The byproducts, HNMe2 and 19 were confirmed with GC-MS. A light 
yellow precipitate formed which was identified to be the polymeric product 17 (9 
mg, 58.4% yield). 
 Reaction Conducted in a Schlenk Flask. In another experiment, O2 (1 atm, 
2.014 mmol) was added to 10 (0.465 g, 1.007 mmol) in toluene in a Schlenk 
flask. The headspace of the flask was 20.0 mL. The solution was heated at 80 C 
for ca. 5 days. A pale yellow solid had precipitated from the solution. Volatiles 
were removed in vacuo and pentane was added. The solution was filtered and 
concentrated in attempts to grow crystals. Over time, a light yellow/white solid 
would precipitate out. An attempt to grow crystals of 14 in Et2O, hexanes and 
toluene was also made. The characterization of the precipitate 17 is discussed in 
Section 3.4.3. 
1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 4.26 (m, 2H, CHMe2), 3.47 
(m, 2H, CHMe2),  1.34 (s, 6H, NC(Me)N), 1.25 (d, 12H, CHMe2) 1.02 (d, 12H, 
CHMe2); 13C{1H} NMR (benzene-d6, 100.63 MHz, 23 C): δ 151.38 (NC(Me)N), 
49.20 (CHMe2), 41.40 (CHMe2), 25.60 (CHMe2), 22.90 (CHMe2), 15.38 
(NC(Me)N). 1H and 13C{1H} NMR assignments were confirmed by HSQC spectra. 
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3.4.2. Reaction of Zr[MeC(NiPr)2]2(NEt2)2 (12) with O2 
 NMR-scale Reaction. In a Young’s tube, 12 (16.5 mg, 0.0319 mmol) was 
dissolved in benzene-d6. Volume of headspace in the Young’s tube was 2.3 mL. 
Before adding O2, the solution was frozen in liquid nitrogen and nitrogen gas was 
removed in vacuo. O2 (1 atm, 0.0319 mmol) was then added. The solution was 
then heated at 70 C for 7 days. 1H NMR revealed the oxo-bridged dimer 14 and 
HNEt2 had formed. Based on NMR the yield of HNEt2 was 14.1% (2 mg). HNEt2 
was confirmed by GC-MS. A light yellow precipitate was identified as {(-
O)Zr[MeC(NiPr)2]2}n (17) (7.8 mg, 62.8% yield). The NMR chemical shifts were 
the same for the reaction of the methyl amide analog 10 with O2 to produce the 
oxo-bridged dimer 14. 
 Reaction Conducted in a Schlenk Flask. In a large scale experiment, O2 (1 
atm, 1.06 mmol) was added to 12 (0.549 g, 1.06 mmol) in toluene in a Schlenk 
flask. The volume of the headspace of the Schlenk flask was 53.6 mL. The 
solution was heated at 80 C for 4 days.  A pale yellow solid 17 had precipitated. 
Volatiles were removed in vacuo and pentane was added. The solution was 
filtered and concentrated in an attempt to grow crystals. Over time a cloudy 
solution would form and it was believed the polymer 17 had formed. 
Characterization of the precipitate 17 is discussed in Section 3.4.3.    
 
3.4.3. Characterization of {(-O)Zr[MeC(NiPr)2]2}n (17) 
 It is presumed that the polymer {(-O)Zr[MeC(NiPr)2]2}n (17) is the same 
for the reactions of 10 and 12 with O2. For the characterization here, the polymer 
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17 was prepared from the reaction of 12 with O2. The solid-state 13C NMR 
spectrum of 17 (Figure 3.13) shows peaks at 14.19 ppm for NC(Me)N, 23.27 
ppm for -CHMe2, 46.34 ppm for -CHMe2, and 152.35 ppm for NC(Me)N. The IR 
spectrum shows a C=N peak at 1641 cm-1. A TGA experiment was performed 
under N2, the sample was heated from room temperature to 1000 C at a rate of 
10 C per minute. There was a 36.21% loss which accounted for one amidinate 
ligand to be removed and 17 is considered to be a stable compound at room 
temperature. Anal. Calcd: C, 49.31; H, 8.79; N, 14.38. Found: C, 49.24; H, 8.71; 
N, 14.29. 
 
3.4.4. Reaction of Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2 
 Zr[MeC(NiPr)2]2Cl2 (8) (321 mg, 0.722 mmol) in THF (10 mL) was added to 
Na2O2 (71.5 mg, 0.917 mmol) in THF (10 mL). The solution was heated at 50 C 
for 24 h. A condenser was attached and connected to a bubbler to ensure no 
pressure buildup. Volatiles were then removed in vacuo. Extraction of the 
remaining solid by pentane, followed by removing volatiles in vacuo, gave peroxo 
20 (40 mg, 0.033 mmol, 14% yield). 1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 
3.58 (br, 4H, CHMe2), 1.41 (s, 6H, NC(Me)N), 1.14 (d, 24H, CHMe2); 13C{1H} 
NMR (benzene-d6, 100.63 MHz, 23 C): δ 178.25 (NC(Me)N), 48.62 (CHMe2), 
24.51 (CHMe2), 10.53 (NC(Me)N). The NMR spectra of the pentane extract 
showed that 8 had fully reacted. 
The solid residue from the pentane extraction was then extracted with H2O 
(34 mL), and the mixture was filtered. The solution was added AgNO3 (245 mg, 
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1.44 mmol). AgCl precipitated and the mixture was centrifuged to collect AgCl. 
The solid was dried at 65 C overnight and then under vacuum (<0.01 mmHg) for 
over 1 h to give AgCl (179.4 mg, 1.252 mmol, 87% yield). 
 Then 10 was added to this NMR solution at 23 C. The peaks of 20 
disappeared, and peaks of 14, HNMe2 and CH2(NMe2)2 (19) were observed. A 
solid, presumably to be the polymer 17, precipitated from the solution. 
 
3.4.5. Reaction of Zr[MeC(NiPr)2]2(NMe2)2 (10) with H2O2 
 NMR-scale Reaction. In a Young’s tube, 10 (13.6 mg, 0.0294 mmol) was 
dissolved in benzene-d6. H2O2 (0.7 L, 0.0297 mmol) was then added. The 1H 
and 13C{1H} NMR revealed the oxo-bridged dimer 14 and CH2(NMe2)2 (19). A 
precipitate formed and was presumed to be {(-O)Zr[MeC(NiPr)2]2}n (17). The 
NMR chemical shifts were the same for the reaction of the methyl amide analog 
10 with O2 to produce the oxo-bridged dimer 14. 
 Reaction Conducted in a Schlenk Flask. In a large scale experiment, H2O2 
(26.5 mg, 0.780 mmol) in THF (20 mL) at 0 C was added to 10 (3.567 g, 0.772 
mmol) in THF (15 mL) and cooled to -50 C. It was allowed to stir overnight and 
volatiles were removed in vacuo. The 1H NMR revealed the oxo-bridged dimer 
14. A precipitate formed and was presumed to be {(-O)Zr[MeC(NiPr)2]2}n (17). 
Reactions of Solid 10 with H2O2. High purity H2O2 (0.4 L) was added 
directly on powders of Zr[MeC(NiPr)2]2(NMe2)2 (10, 17.1 mg, 0.0370 mmol) in a 
glovebox. As soon as the liquid H2O2 was added via syringe to the powders of 
10, a spark with smoke occurred. 
133 
 
3.4.6. Reaction of 12 with O2 in the Presence of the Radical Initiator 
Azobisisobutyronitrile (AIBN) 
In a Young’s tube, AIBN (13.6 mg, 0.0828 mmol) was added to a 
benzene-d6 solution of 12 (45.0 mg, 0.0869 mmol). The solution was frozen with 
liquid nitrogen and O2 (1 atm; 0.0869 mmol) was added. (Volume of the 
headspace in the Young’s tube was 2.1 mL.) The Young’s tube was heated at 72 
C.  After 2 days, the reaction was completed. 1H NMR spectrum showed the 
oxo-dimer 14 had formed. 
 
3.4.7. Determination of the Crystal Structure of 20 
 The X-ray crystal structure of 20 was determined on a Bruker AXS Smart 
1000 X-ray diffractometer equipped with a CCD area detector and a graphite-
monochromated Mo source (K radiation, 0.71073 Å) and fitted with an upgraded 
Nicolet LT-2 low temperature device. A suitable crystal was coated with paratone 
oil (Exxon) and mounted on a fiber loop under a stream of nitrogen at 100(2) K. 
The structure was solved by direct methods. All non-hydrogen atoms were 
anistropically refined. Empirical absorption correction was performed with 
SADABS.19a Global refinements for the unit cells and data reductions were 
performed under the Saint program (Version 6.02). All calculations were 
performed using SHELXTL (Version 5.1) proprietary software package.19b 
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Abstract 
 M[MeC(NiPr)2](NMe2)4 (M = Nb, 26; Ta, 27) have been prepared by the 
aminolysis of M(NMe2)5 (M = Nb, Ta) with iPrN(H)C(Me)=NiPr (7). Compounds 26 
and 27 have been characterized by 1H and 13C{1H} NMR spectroscopies and 
elemental analyses. CCl4 reacts with 27 and replaces an amide ligand with a 
chloride to form Ta[MeC(NiPr)2](NMe2)3Cl (28). Compound 28 has also been 
prepared through the aminolysis of Ta(NMe2)4Cl with 7. 28 has been 
characterized by 1H, 13C{1H} , and 2-D NMR spectroscopies and MS. 
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4.1. Introduction  
Early transition metal complexes with nitrogen-containing ligands are 
currently studied as precursors to metal oxide thin films through their reactions 
with O2, H2O or O3 in chemical vapor deposition (CVD) and atomic layer 
deposition (ALD) processes.1,2 These complexes often contain metals with no 
valence d electrons (d0).3 Their reactions with O23,4 are different from those of late 
transition metal complexes containing d electrons (dn).5 
Homoleptic Group 5 amides M(NR2)n (M = Nb, Ta) have been used as 
CVD precursors.1a,6 As the earlier work of our group shows, these amide 
complexes such as M(NMe2)n (M = Nb, Ta) are very sensitive to O23b,3e and 
H2O.7 For example, M(NMe2)5 reacts with O2 at -25 to 23 C, yielding several 
products (Scheme 4.1).3b,3e Exposure of M(NMe2)n (M = Nb, Ta) to H2O at -40 C 
and then at 23 C yields metal cage complexes [(Me2N)3MO]4 (Scheme 4.2).7 
Bidentate ligands such as amidinate, β-diketiminate, and guanidinate (Figure 4.1) 
have been introduced as ancillary ligands in order to make complexes more 
stable or less reactive towards an O-source. 
 In the current work, two Group 5 amidinate amide complexes 
M[MeC(NiPr)2](NMe2)4 (M = Nb, 26; Ta, 27) have been prepared through 
aminolysis. They are good candidates as precursors for making metal oxide thin 
films. Since reactions with O2 often occur through a radical process, CCl4, a 
radical trap, has been tested to see if it could be used in trapping an 
intermediate. However, CCl4 reacts with 27, undergoing a Cl--NMe2- exchange to 
yield Ta[MeC(NiPr)2](NMe2)3Cl (28).  Our studies are reported here. 
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Scheme 4.1. Reactions of M(NMe2)5 (M = Nb, Ta) with O2.3b,3e 
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Scheme 4.2. Reactions of M(NMe2)5 (M = Nb, Ta) with H2O.7 
 
      
Figure 4.1. Bidentate nitrogen donor ancillary ligands. 
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4.2. Results and Discussion 
4.2.1. Synthesis of Nb[MeC(NiPr)2](NMe2)4 (26) 
 Nb[MeC(NiPr)2](NMe2)4 (26) was prepared by reacting 1 equiv of 
iPrN(H)C(Me)=NiPr (7) with Nb(NMe2)5 (Scheme 4.3). Volatiles were removed in 
vacuo and pentane was added in order to grow crystals of 26. Crystals of 26 in 
78.5% yield were washed at -30 C with pentane and showed they were 
analytically pure. Crystals of 26 here and those from recrystallization from 
toluene were not of X-ray quality.  
The 1H NMR spectrum of 26 in benzene-d6 (Figure 4.2) showed a doublet 
at 1.18 ppm. Three singlets were observed, one for NC(Me)N and two for the 
amide groups at 1.60, 3.25 and 3.36 ppm, respectively. A multiplet was observed 
at 3.64 ppm for the CHMe2 groups. The 13C{1H} NMR spectrum (Figure 4.3), 
peaks at 12.64 and 169.04 ppm were assigned to -C(Me) and -C(Me)- groups on 
the amidinate, respectively. The CHMe2 groups were observed at 25.34 ppm. 
The CH carbon atoms of the CHMe2 groups appear at 48.56 ppm. The peaks at 
49.37 and 49.90 ppm account for the NMe2 groups. 
 
 
 
Scheme 4.3. Preparation of 26 and 27. 
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Figure 4.2. 1H NMR spectrum of 26 in benzene-d6. 
CHMe2 (26) 
NMe2 (26) 
NC(Me)N (26) 
CHMe2 (26) 
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Figure 4.3. 13C{1H} NMR spectrum of 26 in benezene-d6. 
NC(Me)N (26) 
NMe2 (26) 
CHMe2 (26) 
NC(Me)N (26) 
CHMe2 (26) 
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4.2.2. Synthesis of Ta[MeC(NiPr)2](NMe2)4 (27) 
Ta[MeC(NiPr)2](NMe2)4 (27) was prepared by reacting 1 equiv of 7 with 
Ta(NMe2)5 (Scheme 4.3). Volatiles were removed in vacuo and pentane was 
added in order to grow crystals of 27. Crystals of 27 were washed at -30 C with 
pentane and gave analytically pure 27 in 86.0% yield. Crystals of 27 here and 
those from recrystallization in toluene were not of X-ray quality.  
The 1H NMR spectrum of 27 in benzene-d6 (Figure 4.4) showed a doublet 
at 1.18 ppm. Three singlets were observed, one for NC(Me)N and two for the 
amide groups at 1.52, 3.41 and 3.52 ppm, respectively. A multiplet was observed 
at 3.72 ppm for the CHMe2 groups. The 13C{1H} NMR spectrum (Figure 4.5), 
peaks at 13.97 and 169.40 ppm were assigned to -C(Me) and -C(Me)- groups on 
the amidinate, respectively. The peak at 25.05 ppm accounts for the CHMe2 
groups. The CH carbon atoms of the CHMe2 groups appear at 48.07 ppm. The 
peaks at 47.94 and 48.49 ppm account for the NMe2 groups. 
 
4.2.3. Synthesis and Discussion of Ta[MeC(NiPr)2](NMe2)3Cl (28) 
O2 is a diradical and the reaction of 10 with O2 goes through a radical 
process. It is of interest to see if the reaction of Ta[MeC(NiPr)2](NMe2)4 (27) and 
O2 also goes through a pathway involving radical intermediates.  
BrCCl3 and CCl4 have both been used extensively for radical trapping.8 
For example, the cyclopropyl radical is known to be a rapidly inverting σ radical 
of high reactivity. Experiments have been performed using radical trapping to 
determine the extent substituted cyclopropyl radicals are capable of maintaining 
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Figure 4.4. 1H NMR spectrum of 27 in benzene-d6. 
CHMe2 (27) 
NMe2 (27) 
NC(Me)N (27) 
CHMe2 (27) 
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Figure 4.5. 13C{1H} NMR spectrum of 27 in benzene-d6.
NC(Me)N (27) 
NMe2 (27)
CHMe2 (27) 
CHMe2 (27)  
NC(Me)N (27) 
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their original configuration.8a CCl4 was chosen as a trap for the cyclopropyl 
radical (Scheme 4.4). 
 
 
c-C3H5  +  CCl4  →  c-C3H5Cl  +  CCl3 
 
Scheme 4.4. CCl4 as a radical trap. 
 
 
If CCl4 is used as a radical trap for the reaction of Ta[MeC(NiPr)2](NMe2)4 
(27) with O2, it should not react with 27 itself. We have tested to see if CCl4 
reacts with 27. In a Young’s tube, 27 in benzene-d6 was added CCl4 and heated 
at 65 C for 4 h. 1H NMR spectrum showed that CCl4 did react with 27 (Scheme 
4.5) and an amide and chloride exchange occurred to form 
Ta[MeC(NiPr)2](NMe2)3Cl (28). To confirm 28, it was prepared by reacting 1 equiv 
of 7 with Ta(NMe)4Cl8,9 in 85.1% yield (Scheme 4.5). 
The 1H NMR spectrum of 28 in benzene-d6 (Figure 4.6) showed two 
doublets at 1.16 and 1.29 ppm. Three singlets were observed. One for NC(Me)N 
and two for the amide groups at 1.48, 3.43 and 3.70 ppm, respectively. A 
multiplet was observed at 3.80 ppm for the CHMe2 groups. 
The 13C{1H} NMR spectrum (Figure 4.7), peaks at 13.31 and 172.14 ppm 
were assigned to -C(Me) and -C(Me)- groups on the amidinate, respectively. Two 
peaks at 24.12 and 24.26 ppm account for the CHMe2 groups. The CH carbon  
153 
 
 
 
Scheme 4.5. Two methods to prepare 28. 
 
 
atoms of the CHMe2 groups appear at 48.94 ppm. The peaks at 48.70 and 48.36 
ppm account for the NMe2.  
Compound 28 was also characterized by mass spectrometry with an m/z = 
445.15 for [28-NMe2+]. Tantalum has one stable isotope (181Ta; Table 4.1) and 
chlorine has two isotopes (35Cl, 37Cl; Table 4.1). Thus MS of 28 is expected to 
show a unique pattern. Solid powders of 28 were placed in a heated (400 C) He 
stream by the sealed end of a capillary tube. The MS spectrum is given in Figure 
4.8 along with the predicted spectrum. The MS spectrum confirmed the identity of 
28. 
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Table 4.1. Stable isotopes of tantalum and chlorine 
 
Isotope Accurate Mass % Natural Abundance 
181Ta 180.947992(3) 99.988(2) 
35Cl 34.968852721(69) 75.78(4) 
37Cl 36.96590262(11) 24.22(4) 
 
 
4.3. Concluding Remarks 
 Two Group 5 amidinate amide complexes, 26 and 27, have been prepared 
and characterized. The radical trap, CCl4, did react with 27 and replaced one 
amide ligand with a chloride to form 28. 28 has also been prepared by reacting 
Ta(NMe2)4Cl with 7. It has been characterized through NMR spectroscopies and 
MS.  
 
4.4. Experimental Section 
 All manipulations were carried out under a dry nitrogen atmosphere with 
the use of either a glovebox or standard Schlenk techniques. All glassware was 
flamed dried under vacuum. LiNMe2 was purchased from Acros and used without 
further purification. Solvents were purified by distillation from a potassium 
benzophenone ketyl. NMR solvents were dried and stored over 5 Å molecular 
sieves. NbCl5 and TaCl5 were purchased from Strem and were used without  
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Figure 4.6. 1H NMR spectrum of reaction mixture of 7 and Ta(NMe2)4Cl giving 28 in benzene-d6. 
  
CHMe2 (28) 
NMe2 (28) 
NMe2 (24) 
HNMe2 
NC(Me)N (28) CHMe2 (28) 
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Figure 4.7. 13C{1H} NMR spectrum of 28 in benzene-d6.  
NC(Me)N (28) 
CHMe2 (28) 
NMe2 (28) CHMe2 (28) 
NC(Me)N (28) 
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Figure 4.8. (Top) Calculated and (Bottom) Observed MS of [28-NMe2+].
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further purification. M(NMe2)5 (M = Nb, Ta)10,11 and Ta(NMe)4Cl8,9 were prepared 
by the literature methods. 7 was made according to Section 2.4.3. CCl4 was dried 
over activated molecular sieves and stored under nitrogen. 1H and 13C{1H} NMR 
spectra were recorded on a  AMX-400 FT or Varian VNMRS-500 spectrometer. 
Elemental analyses were conducted by Complete Analysis Laboritories, Inc., 
Parsippany, NJ. Mass spectra were recorded on a JEOL AccuTOF™ DART 
Mass Spectrometer.    
 
4.4.1. Synthesis of Nb[MeC(NiPr)2](NMe2)4 (26) 
 Nb(NMe2)5  (2.882 g, 9.20 mmol) was dissolved in pentane (50 mL) and 
cooled to -30 C. Compound 7 (1.345 g, 9.46 mmol) was dissolved in pentane 
(50 mL) and added dropwise to the pentane solution of Nb(NMe2)5. The solution 
was stirred for 12 h and volatiles removed in vacuo affording a red solid (2.964 g, 
7.22 mmol, 78.51% yield). 1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 3.64 (m, 
2H, CHMe2), 3.39 (s, 12H, NMe2), 3.26 (s, 12H, NMe2), 1.58 (s, 3H, NC(Me)N), 
1.19 (d, 12H, CHMe2); 13C NMR (benzene-d6, 100.63 MHz, 23 C): δ 169.06 
(NC(Me)N), 49.93 (NMe2), 49.36 (NMe2), 48.53 (CHMe2), 25.33 (CHMe2), 12.58 
(NC(Me)N). 1H and 13C assignments were confirmed by DEPT, HMQC and 
Nosey experiments. Anal. Calcd: C, 46.82; H, 10.07; N, 20.48. Found: C, 46.75; 
H, 9.98; N, 20.45. 
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4.4.2. Synthesis of Ta[MeC(NiPr2)](NMe2)4 (27) 
Ta(NMe2)5 (1.147 g, 2.86 mmol) was dissolved in pentane (50 mL) and 
cooled to -30 C. Compound 7 (0.410 g, 2.88 mmol) was dissolved in pentane 
(50 mL) and added dropwise to the pentane solution of Ta(NMe2)5. The solution 
was stirred for 12 h and volatiles removed in vacuo affording a yellow solid 
(1.225 g, 2.46 mmol, 86.00% yield). 1H NMR (benzene-d6, 400.17 MHz, 23 C): δ 
3.72 (m, 2H, CHMe2), 3.52 (s, 12H, NMe2), 3.41 (s, 12H, NMe2), 1.51 (s, 3H, 
NC(Me)N), 1.18 (d, 12H, CHMe2); 13C NMR (benzene-d6, 100.63 MHz, 23 C): δ 
169.42 (NC(Me)N), 48.49 (NMe2), 48.06 (CHMe2), 47.94 (NMe2), 25.05 (CHMe2), 
13.96 (NC(Me)N). 1H and 13C assignments were confirmed by DEPT and HSQC 
experiments. Anal. Calcd: C, 38.55; H, 8.29; N, 16.86. Found: C, 38.47; H, 8.24; 
N, 16.74. 
 
4.4.3. Synthesis of Ta[MeC(NiPr)2](NMe2)3Cl (28) 
Method 1. This reaction was conducted in a J. Young’s tube and reagents 
were mixed in a glovebox. Ta(NMe)4Cl (23.2 mg, 0.0591 mmol) was dissolved in 
benzene-d6 (1 mL). Compound 7 (8.6 mg, 0.061 mmol) was added to a vial and 
dissolved in benzene-d6 (1 mL) and added dropwise via pipette to the solution of 
Ta(NMe2)4Cl. The solution was allowed to be mixed and volatiles removed in 
vacuo affording a yellow solid (24.6 mg, 0.0502 mmol, 85.1% yield).  
Method 2. Ta[MeC(NiPr)2](NMe2)4 (27) was dissolved in benzene-d6 and 
added to a J. Young’s tube. Excess CCl4 was added and the NMR tube was 
placed in an oil bath at 65 C and heated for 4 h. The volatiles were then 
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removed in vacuo, and benzene-d6 was added to obtain NMR spectra. 1H NMR 
(benzene-d6, 400.17 MHz, 23 C): δ 3.78 (m, 2H, CHMe2), 3.68 (s, 12H, NMe2), 
3.41 (s, 6H, NMe2), 1.46 (s, 6H, NC(Me)N), 1.29 (d, 12H, CHMe2), 1.16 (d, 12H, 
CHMe2); 13C NMR (benzene-d6, 100.62 MHz, 23 C): δ 172.14 (NC(Me)N), 48.94 
(CHMe2), 48.70 (NMe2) 48.36 (NMe2),  24.26 (CHMe2), 24.13 (NC(Me)N). 1H and 
13C assignments were confirmed by COSY, DEPT and HSQC experiments. 
DART-MS: Calc’d for [28-NMe2+], m/z = 445.15607; Obs’d, 445.15383. 
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Part 5 
 
Studies of the Reaction between W(OMe)3Cl3 and Zn(CH2tBu)2
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Abstract 
Reaction between W(OMe)3Cl3 (29) and Zn(CH2tBu)2 gives the previously 
reported alkylidyne complex W(CH2tBu)3(≡CtBu) (30). The study, using the alkyl 
zinc reagent which is a weaker nucleophilic reagent than LiCH2tBu and 
Mg(CH2tBu)2, is an attempt to identify the intermediate(s) in the formation of 
W(CH2tBu)3(≡CtBu) (30). The reaction between W(OMe)3Cl3 and Zn(CH2tBu)2 
also yields a side product W(OMe)2Cl(CH2tBu)3 (21) which has been 
characterized by 1H, 13C{1H}, HSQC, DEPT, and 1-D NOESY NMR 
spectroscopies.  
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5.1. Introduction 
 In 1973, E. O. Fischer reported the first dn carbyne complex.1 A carbyne 
complex contains at least one M≡C triple bond. Two types of carbyne complexes 
have since been reported: low-oxidation-state transition metal complexes 
(Fischer-type) and high-oxidation-state transition metal complexes (Schrock-
type).2 The Schrock-type carbyne complexes are also called alkylidynes. After 
the discovery of alkylidyne chemistry, the complexes have been actively studied. 
One approach to alkylidyne complexes is metathesis reactions between 
acetylenes and compounds with M≡M bonds.3 Another widely used approach to 
alkylidyne complexes is reactions between RCH2MgCl [R = CMe3 (tBu), SiMe3] 
and WCl6 or W(OMe)3Cl3.4,5 One typical reaction to give an alkylidyne complex is 
shown in Figure 5.1.5 The use of more soluble W(OMe)3Cl3 increases the yield of 
the product 30. One fundamental question that has not been answered is when 
the W≡C triple bond forms in the reactions to give, e.g., 30.3,4b Attempts have 
been made in the past to identify the intermediates in the formation of 30.3,4b 
 
 
 
Scheme 5.1. Formation of an alkylidyne complex. 
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 Schrock-type carbene (also known as alkylidene) complexes are another 
class of complexes with metal-carbon unsaturated bonds.2 A carbene is a metal 
complex with at least one M=C double bond. Alkylidene compounds contain d0 
metal atoms at their high oxidation states. The first such compound is 
(tBuCH2)3Ta=CHtBu prepared by Schrock.6 It was prepared by the reactions 
shown in Scheme 5.2. The reaction of TaCl5 with Zn(CH2tBu)2 gives 
(tBuCH2)3TaCl2, which then reacts with 2 equiv of tBuCH2Li to give 
(tBuCH2)3Ta=CHtBu (Scheme 5.2).6b  
 
 
 
 
Scheme 5.2. Preparation of (tBuCH2)3Ta=CHtBu. 
 
 
 The mechanistic pathway involves the initial formation of Ta(CH2tBu)5, 
which was observed at 233 K and is short lived before it converts to 
(tBuCH2)3Ta=CHtBu, as our group reported.7 We have also used the reaction of 
(tBuCD2)3TaCl2 with tBuCD2Li to probe the pathway in the formation of the M=C 
bond in the alkylidene complex.8 In this design, only the methyl resonances 
would be observed in the 1H NMR spectrum, reducing peak overlap. In addition, 
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by replacing the hydrogen atoms with deuterium atoms, the intermediate 
Ta(CD2tBu)5 has a much longer life to be characterized and follow the kinetics of 
-D abstraction to give the Ta=CDtBu bond in (tBuCD2)3Ta=CDtBu. The kinetic 
isotope effect of the α-H/D in Ta(CH2tBu)5/Ta(CD2tBu)5 was measured.8 
 In the current work, a similar approach was used by reacting Zn(CH2tBu)2 
with two d0 W(VI) complexes, WCl6 and W(OMe)3Cl3 (29). The zinc alkyl reagent 
was selected because it is not as strong of an alkylating reagent as its lithium 
alkyl or magnesium alkyl analogs which have been used in making tungsten 
alkylidyne compounds.4,5 The reaction between WCl6 and Zn(CH2tBu)2 at both 23 
C and -30 C, which would be similar to the first step in Scheme 5.2, did not 
proceed as cleanly as the Ta analog TaCl5. Since WCl6 is not soluble in Et2O, it 
was decided to use more soluble W(OMe)3Cl3 (29) in order to have a 
homogenous reaction between 29 and Zn(CH2tBu)2. However, when W(OMe)3Cl3 
(29) reacts with Zn(CH2tBu)2, the products are the alkylidyne W(CH2tBu)3(≡CtBu) 
(30) and another species identified to be W(OMe)2Cl(CH2tBu)3 (31). No reaction 
was observed between W(OMe)2Cl(CH2tBu)3 (31) and additional Zn(CH2tBu)2. 
Thus Zn(CH2tBu)2 is still too strong an alkylating reagent for W(OMe)3Cl3 (29), 
and 31 is apparently not an intermediate to 30 in the reaction between 26 and 
Zn(CH2tBu)2 to give 30. The reaction of 29 with Zn(CH2tBu)2 is shown here to be 
another method to form 30. 
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5.2. Results and Discussion 
 The reaction of W(OMe)3Cl3 (29) with Zn(CH2tBu)2 (Scheme 5.3) at 23 C 
in benzene-d6 was quick. 1H and 13C{1H} NMR spectra (Figures 5.1 and 5.2) 
showed the formation of the alkylidyne 30,5 neopentane CMe4 and 31 which was 
characterized below. 
 
 
 
Scheme 5.3. Formation of 30 and 31. 
 
 
After removing the volatiles under vacuo, benzene-d6 was added and the 
solution was filtered through Celite. 30 was no longer observed in 1H and 13C{1H} 
NMR spectra, suggesting it may have been removed under evacuation or 
reacted with H2O or surface –OH groups on Celite. 
The set of peaks corresponding to W(OMe)2Cl(CH2tBu)3 (31) remained in 
the filtrate. Characteristics of this species by 1H, 13C{1H}, HSQC, DEPT, HMBC, 
1-D and 2-D NOESY NMR spectroscopies are consistent with 31. The 1H NMR of 
31 in benzene-d6 (Figure 5.3) shows three singlets at 4.01, 2.32, and 0.94 ppm 
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which were assigned to the OMe groups, CH2CMe3, and CH2CMe3 groups, 
respectively. The observation of the 1H NMR peaks in this range suggests that 
this species is unlikely to be a d1 W(V) species as such d1 species are 
paramagnetic and their NMR peaks are usually shifted outside the range in 
Figure 5.3. 1H peak integrations indicate there are two OMe and three neopentyl 
ligands in this species. Other NMR spectroscopies below show that these ligands 
are all on the same molecules. The formula W(OMe)2Cl(CH2tBu)3 (31) is 
consistent with the observations.  
In the 13C{1H} NMR spectrum of 31 in benzene-d6 (Figure 5.4), the OMe 
methyl groups were observed at 66.89 ppm. The CH2CMe3 carbon atom was 
observed at 88.97 ppm. The CH2CMe3 methyl groups were assigned to the peak 
at 35.58 ppm. The CH2CMe3 carbon was observed at 38.29 ppm. The DEPT 
(Figure 5.5) experiment determined that the peak at 88.97 ppm was a methylene 
carbon. Heteronuclear multiple-bond correlation (HMBC, Figure 5.6) 
spectroscopy was used to determine the CH2CMe3 atoms. The protons on the 
methylene carbon coupled to the carbon atoms. Thus the peak at 38.29 ppm is 
assigned to the CH2CMe3 atoms. 1-D and 2-D NOESY (Figures 5.7 and 5.8) 
experiments were conducted in order to relate through space the OMe ligand and 
CH2CMe3 ligand. The NOESY spectra show that the two ligands are on the same 
W atom, thus the same molecule. 
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Figure 5.1. 1H NMR spectrum of product mixture of 30 and 31 in benezene-d6. 
OMe (31) CH2CMe3 (31) Me3CC (30) 
CH2CMe3 (30) 
CH2CMe3 (30) 
CH2CMe3 (31) 
175 
 
 
Figure 5.2. 13C{1H} NMR spectrum of product mixture of 30 and 31 in benezene-d6. 
Me3CC (30) 
Me3CC (30) 
Me3CC (30) 
CH2CMe3 (30) 
CH2CMe3 (30) CH2CMe3 (31) OMe (31) 
CH2CMe3 (31) 
CH2CMe3 (30) 
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Figure 5.3. 1H NMR spectrum of 31 in benzene-d6. 
OMe (31) 
CH2CMe3 (31) 
CH2CMe3 (31) 
CMe4 
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Figure 5.4. 13C{1H} NMR spectrum of 31 in benzene-d6. 
OMe (31) CH2CMe3 (31) 
CH2CMe3 (31) 
CH2CMe3 (31) 
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Figure 5.5. DEPT spectra of 31 in benzene-d6. 
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 Figure 5.6. HMBC spectrum of 31 in benzene-d6. 
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 Figure 5.7. 1-D NOESY of 31. 
OMe (31) 
CH2CMe3 (31) 
CH2CMe3 (31) 
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Figure 5.8. 2-D NOESY spectrum of 31. 
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It was of interest to see if 31 was an intermediate to 30. An additional drop 
of Zn(CH2tBu)2 was added to the NMR solution of 31 in benzene-d6 at room 
temperature. Zn(CH2tBu)2 and 31 was observed in 1H NMR and the formation of 
30 was not observed. Since 31 is apparently not an intermediate in the formation 
of 27, it was not studied further. 
 
5.3. Concluding Remarks 
 We have shown another way to make W(CH2tBu)3(≡CtBu) (30). In the 
hopes of capturing an intermediate in the formation of W(CH2tBu)3(≡CtBu) (30) 
we were able to observe a side product W(OMe)2Cl(CH2tBu)3 (31). Compound 31 
was characterized by 1H, 13C{1H}, HSQC, DEPT, HMBC, 1-D NOESY, and 2-D 
NMR spectroscopies. 
 
5.4. Experimental Section 
 All manipulations were carried out under a dry nitrogen atmosphere with 
the use of either a glovebox or standard Schlenk techniques. Solvents were 
purified by distillation from a potassium benzophenone ketyl. NMR solvents were 
dried and stored over 5 Å molecular sieves. WCl6 was purchased from Strem and 
sublimed before use. ZnCl2 was purchased from Acros and dried with thionyl 
chloride before use. Me3SiOMe was purchased from Aldrich and used without 
further purification. W(OMe)3Cl35 and Zn(CH2tBu)26b were prepare according to 
literature. Celite was heated to 200 C under vacuum. 1H and 13C{1H} NMR 
spectra were recorded on a  AMX-400 FT or Varian VNMRS-500 spectrometer. 
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5.4.1. Reaction between WCl6 and Zn(CH2tBu)2 at 23 C and -30 C 
NMR-scale Reaction at 23 C. In a Young’s tube, freshly sublimed WCl6 
(41.2 mg, 0.104 mmol) was added to benzene-d6 (0.5 mL). Zn(CH2tBu3)2 (64.8 
mg, 0.312 mmol) was then added. According to the 1H NMR spectrum of the 
solution, a reaction occurred but the NMR was messy with a lot of peaks. At 
room temperature, the reaction between WCl6 and Zn(CH2tBu)2 may be too fast 
and several side reactions may occur, giving a messy NMR spectrum.   
 Reaction Conducted in a Schlenk Flask at -30 C. In an attempt to better 
control the reaction between WCl6 and Zn(CH2tBu)2, it was carried out in a 
Schlenk flask at -30 C. WCl6 (56.0 mg, 0.146 mmol) in Et2O (10 mL) was cooled 
to -30 C. Zn(CH2tBu)2 (86.2 mg, 0.415 mmol) in Et2O (10 mL) cooled to -30 C 
was slowly added to the solution of WCl6. The solution was allowed to stir 
overnight. After filtration, volatiles were removed in vacuo and the residue was 
dissolved in benzene-d6. 1H NMR spectrum again showed several peaks. 
Pentane was added to the reaction flask in order to grow crystals. Over time a 
solid would precipitate from the solution. The solid was, however, not soluble in 
benzene-d6. 
 
5.4.2. Reaction of W(OMe)3Cl3 (29) with Zn(CH2tBu)2 
In a J. Young’s tube, 29 (69.0 mg, 0.180 mmol) was dissolved in benzene-
d6. Zn(CH2tBu)2 (120 mg, 0.576 mmol) was added to a vial in the glovebox and 
dissolved in benzene-d6 (1 mL) and added dropwise to the J. Young’s tube. The 
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reaction was quick. NMR spectroscopic characterization showed that the solution 
is a mixture of 30 and 31 in a 43% : 57% molar ratio. CMe4 was also observed. 
Volatiles were then removed in vacuo. Benzene-d6 was added and the 
solution was filtered through a short Celite column (ca. 1 cm in length in a 5.75” 
disposable Pasteur pipet; Glass wool was used at the bottom of the Celite 
column). At this point, W(CH2tBu)3(≡CtBu) (30) was not observed anymore, and 
only W(OMe)2Cl(CH2tBu)3 (31) was observed. 1H NMR of 31 (benzene-d6, 400.17 
MHz, 23 C): δ 4.01 (s, 6H, OMe), 2.32 (s, 6H, CH2CMe3), 0.94 (s, 9H, 
CH2CMe3); 13C{1H} NMR (benzene-d6, 100.64 MHz, 23 C): δ 88.97 (CH2CMe3), 
66.89 (OMe), 38.29 (CH2CMe3), 35.58 (CH2CMe3). 1H and 13C{1H} NMR 
assignments were confirmed by HSQC, HMBC and DEPT experiments. 
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Part 6 
 
Conclusion and Future Studies  
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This dissertation focused on the following three chemistries: (a) Syntheses 
of Groups 4 and 5 amidinate amides; (b) Reactions of Zr amidinate amides with 
O2, H2O or H2O2; (c) A new route to W(CH2tBu)3(≡CtBu) (30). 
Zr[MeC(NiPr)2]2(NMe2)2 (10) has been made by three different routes and the 
best method to make 10 is through the aminolysis of Zr(NMe2)4 (1) with amidine 
7. After optimizing the reaction conditions, the aminolysis of several Group 4 and 
5 amide complexes was used to make their respective amidinate amide 
complexes. Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) were first prepared in 
order to study their reactions with O2. The reactions between 10 and H2O or H2O2 
were then carried out in order to confirm the results from the reactions with O2. A 
radical trap, CCl4, was found to react with Ta[MeC(NiPr)2](NMe2)4 (27). An 
amide-chloride exchange occurred and the formation of Ta[MeC(NiPr)2](NMe2)3Cl 
(28) was observed. We have also found a new path to W(CH2tBu)3(≡CtBu) (30). 
In Part 2, syntheses and characterization of zirconium amidinate amides 
were presented. Zr[MeC(NiPr)2]2(NMe2)2 (10) was prepared by three different 
ways: two salt metathesis routes and an aminolysis route. The aminolysis route 
gives the highest yield and was chosen throughout this dissertation. 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) has been characterized via 1H and 
13C{1H} NMR spectroscopies as well as elemental analyses. In making 10 and 
12, their monoamidinate complexes Zr[MeC(NiPr)2](NR2)3 (R = Me, 9; Et, 11) 
were observed and characterized by 1H and 13C{1H} NMR spectroscopies. 
Compound 12 revealed an interesting dynamic NMR behavior. Variable-
temperature NMR spectroscopy was used to study the Bailar twist process. The 
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activation parameters determined are ∆H‡ = 10.9(1.1) kcal mol-1, ∆S‡ = -11(4) eu 
and ∆G‡303 K = 14(2) kcal mol-1. 
In Part 3, the reaction between Zr[MeC(NiPr)2]2(NMe2)2 (10) and O2 was 
extensively studied in part because several products were observed. One 
product was a Zr peroxo complex {(-2:2-O2)Zr[MeC(NiPr)2]2}3 (20) and its 
crystal structure was determined. 20 was also prepared from the reaction of 
Zr[MeC(NiPr)2]2Cl2 (8) with Na2O2. Two other Zr containing products from the 
reaction of 10 with O2 were identified: oxo-dimer {(-O)Zr[MeC(NiPr)2]2}2 (14) and 
polymer {(-O)Zr[MeC(NiPr)2]2}n (17). They have been confirmed by the following 
studies: (a) Reaction of 12 with O2; (b) Reactions of Zr[MeC(NiPr)2]2(NR2)2 (R = 
Me, 10; Et, 12) with H2O; (c) MS analysis of the reactions between 
Zr[MeC(NiPr)2]2(NR2)2 (R = Me, 10; Et, 12) with H2O; (d) Reaction of 10 with 
H2O2; (e) NMR spectroscopies and elemental analysis.  
In Part 4, two Group 5 amidinate amides M[MeC(NiPr)2](NMe2)4 (M = Nb, 
26; Ta, 27) have been prepared through aminolysis. They have been 
characterized by NMR spectroscopies and elemental analyses. The reaction 
between 27 and CCl4 was also studied in order to see if CCl4 could be used as a 
radical trap in the reaction of 27 with O2. It was determined that CCl4 cannot be 
used because it reacts with 27 forming Ta[MeC(NiPr)2](NMe2)3Cl (28). 
Compound 28 was prepared by an alternate route. 
In Part 5, the reaction between W(OMe)3Cl3 (29) and Zn(CH2tBu)2 was 
studied and the tungsten alkylidyne complex W(CH2tBu)3(≡CtBu) (30) was 
observed along with another product W(OMe)2Cl(CH2tBu)3 (31). The work here 
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thus could not provide an answer to the fundamental question - when the W≡C 
triple bond forms in the reactions to give 30. The alkylating reagent Zn(CH2tBu)2 
is still too strong, yielding 30 directly. It was also found that 31 is not an 
intermediate to 30. 
 Future work will focus on the reactions of O2 with Zr monoamidinate amide 
complexes (9 and 11) and Group 5 amidinate amide complexes (26 and 27). 
Theoretical studies will help understand the mechanistic pathways of 10 and O2. 
A milder reagent than Zn(CH2tBu)2 may be used to probe the formation of 30, 
revealing the intermediates in the formation of the W≡C triple bond in 30. 
Tetraneopentyltin Sn(CH2tBu)4 has been reported,1 and it may also be employed 
to react with W(OMe)3Cl3 (29), probing the pathway in the formation of the W≡C 
triple bond. TlCH2tBu and AgCH2tBu have not been reported.2,3 If they are 
prepared in the future, they are probably good reagents to remove chloride 
ligands in W(OMe)3Cl3 (29) as TlCl and AgCl, respectively, perhaps making it 
easier to obtain the intermediates in the formation of W(CH2tBu)3(≡CtBu) (30). 
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